The epithelial sodium channel (ENaC) is composed of three homologous subunits and allows the flow of Na + ions across high resistance epithelia, maintaining body salt and water homeostasis. ENaC dependent reabsorption of Na + in the kidney tubules regulates extracellular fluid (ECF) volume and blood pressure by modulating osmolarity. In multi-ciliated cells, ENaC is located in cilia and plays an essential role in the regulation of epithelial surface liquid volume necessary for cilial transport of mucus and gametes in the respiratory and reproductive tracts respectively. The subunits that form ENaC (named as alpha, beta, gamma and delta, encoded by genes SCNN1A, SCNN1B, SCNN1G, and SCNN1D) are members of the ENaC/Degenerin superfamily. The earliest appearance of ENaC orthologs is in the genomes of the most ancient vertebrate taxon, Cyclostomata (jawless vertebrates) including lampreys, followed by earliest representatives of Gnathostomata (jawed vertebrates) including cartilaginous sharks. Among Euteleostomi (bony vertebrates), Actinopterygii (ray finned-fishes) branch has lost ENaC genes. Yet, most animals in the Sarcopterygii (lobe-finned fish) branch including Tetrapoda, amphibians and amniotes (lizards, crocodiles, birds, and mammals), have four ENaC paralogs. We compared the sequences of ENaC orthologs from 20 species and established criteria for the identification of ENaC orthologs and paralogs, and their distinction from other members of the ENaC/Degenerin superfamily, especially ASIC family. Differences between ENaCs and ASICs are summarized in view of their physiological functions and tissue distributions. Structural motifs that are conserved throughout vertebrate ENaCs are highlighted. We also present a comparative overview of the genotype-phenotype relationships in inherited diseases associated with ENaC mutations, including multisystem pseudohypoaldosteronism (PHA1B), Liddle syndrome, cystic fibrosis-like disease and essential hypertension.
Introduction
As it is well known, 60-70% of the human body weight is water. About 2/3 of this water is within the cells (intracellular fluid, ICF) and the remaining 1/3 fills the extracellular spaces and the vascular bed in the circulatory system (extracellular fluid, ECF) (Ruth and Wassner, 2006) . The cell membrane, as a semi-permeable barrier, is permeable to water molecules. Yet, the net movement of water between ECF and ICF depends on the relative osmolarity of these compartments and the permeability of the membranes (Fischbarg, 2010) . In most vertebrates, the osmolarity of both the ECF and ICF is determined mainly by the concentration of electrolytes (dissolved salt ions carrying a net charge, mainly Na + , K + , Ca +2 , Mg +2 , Cl − , HCO 3 − , PO 4 3 − , SO 4 2 − ). In the ECF, Na + is the electrolyte with the highest concentration and thus it is the major determinant of the osmolarity of the ECF (Takei, 2000) .
Osmolarity-dependent volume changes may lead to shrinking or swelling of cells. To prevent damage from such changes and to protect the nervous system, mammals maintain a common osmotic set-point near 300 mosmol/L (Bourque, 2008) . Thus, in vertebrates, the regulation of water and electrolyte homeostasis is highly interdependent (Ruth and Wassner, 2006) . The processes of absorption, secretion and excretion of water and solutes take place in epithelial cell layers that cover the internal and external surfaces of the body. In terms of permeability properties, epithelia are classified into two groups as leaky-and tight-epithelia (Fischbarg, 2010; Reddy and Stutts, 2013) . Leaky epithelia are located generally in an isoosmotic environment as in the small intestine and proximal kidney tubules and are highly permeable to water. In contrast to leaky epithelia, the cells in tight epithelia are connected by complex tight junctions that reduce the permeability of the epithelia (Capaldo et al., 2014; Reddy and Stutts, 2013) .
The epithelial sodium channel (ENaC), that is the focus of this review, is located mostly in tight or high-resistance epithelia. As a constitutively active channel, ENaC allows the flow of Na + ions from the lumen into the epithelial cell, across the apical cell membrane (Garty and Palmer, 1997; Kellenberger and Schild, 2015) (Fig. 1) . The absorbed Na + ions are then pumped out of the cell into the interstitial fluid by the action of Na + /K + ATPase located on the basolateral membrane ( Fig. 1) . As ENaC modulates the amount of Na + in the ECF, it has a central role in the regulation of ECF volume and blood pressure (Büsst, 2013; Rossier et al., 2015) . The activity of ENaC is regulated by the renin-angiotensin-aldosterone system (Asher et al., 1996; Bhalla and Hallows, 2008; Büsst, 2013; Rossier et al., 2015) and a complex variety of extracellular factors including Na + , Cl − , protons, shear stress and proteases (Bhalla and Hallows, 2008; Kleyman, 2012, 2011; Kellenberger and Schild, 2015) .
The subunits that form ENaC constitute a family within the ENaC/ Degenerin superfamily. In addition to ENaC, this superfamily includes acid-sensing ion channels (ASICs) (Deval and Lingueglia, 2015; Schild, 2015, 2002; Lin et al., 2015; Omerbašić et al., 2014; Waldmann and Lazdunski, 1998) , pickpocket genes in the Diptera order including Drosophila and mosquitoes (Zelle et al., 2013) , Degenerin subunits involved in sensory transduction in nematodes such as Caenorhabditis elegans (Eastwood and Goodman, 2012; Liddle et al., 1963) , and peptide-gated Hydra Na + channels (HyNaC) in hydrozoans (Gründer and Assmann, 2015) .
The first sequences of ENaC subunits were based on cDNAs cloned from mRNAs isolated from rat and human tissues (Canessa et al., 1994b; Lingueglia et al., 1993; McDonald et al., 1995 McDonald et al., , 1994 Voilley et al., 1995 Voilley et al., , 1994 Waldmann et al., 1995) . Later development of rapid genome sequencing techniques has led to the determination of the sequences of ENaC/Degenerin superfamily members in a growing number of species. This review concentrates on the sequences and phylogenetic relationships of ENaC paralogs and orthologs across species and with other homologous proteins that have been mostly revealed by genome sequences of many species.
In biology, the word "homology" is also used to describe functional equivalence and not just sequence and structural similarity. Thus, after inter-species sequence comparisons, we shall also present the physiological implications of the currently available information about ENaC phylogenetic distribution and function.
Nomenclature of ENaC homologs

Definitions: homolog, paralog, ortholog
In studies of protein evolution, the word "homologous" is used to describe proteins that share significant sequence similarity that is assumed to derive from a common ancestral origin. This concept of homology covers both proteins that are homologous across species as well as proteins that are present in multiple copies in the genome of a single species. To distinguish between these two types of homologous proteins, two separate terms were coined by Walter Fitch (Fitch, 1970) : orthologous and paralogous. Within the genome of a single species, there are many genes that represent duplicate copies encoding isoforms of proteins with similar functions. The most common example is the globin family that includes α-globin, β-globin, and myoglobin. Homologous proteins that exist "in parallel" within one species are called "paralogs", a hybrid word combining "parallel" with "homolog". The word "ortholog" is used for homologous proteins that originate from a single ancestral gene in the last common ancestor of the compared species. Continuing the globin example, the ortholog of human α-globin is any of the α-globins in related primates. Further examples of these terms are provided by (Koonin, 2005) .
ENaC paralogs
In the human genome there are nine genes that encode for ENaC paralogs. These paralogs are grouped into two families based on their homology: 1. non-voltage gated sodium channel family that is composed of four genes encoding ENaC homologs and 2. acid-sensing (proton-gated) ion channels (ASIC) family that is composed of five homologous genes. The four ENaC genes have been assigned abbreviations as SCNN1A, SCNN1B, SCNN1G, and SCNN1D by the Human Genome Organization (HUGO) Gene Nomenclature Committee (http://www. genenames.org/) following the Greek letters assigned to the four ENaC subunits α, β, γ, and δ (Tables 1 and 2). The second "N" in "SCNN1" was added to distinguish between the NON-voltage gated ENaC and the SCN1 symbol assigned to the "sodium channel, voltage-gated, type I" that is expressed in neurons and muscle. The UniProt protein database (UniProt, 2014) uses an abbreviated code for ENaC subunits (SCNNA, SCNNB, SCNNG and SCNND) to which the abbreviated species name is appended ( Table 2) . For the mouse genome, the convention for gene nomenclature starts with an uppercase letter, followed by all lowercase letters as shown in Table 1 . For mouse, the gene for SCNN1D is not listed as it was not found in the mouse genome (Giraldez et al., 2012) . Another common name for ENaC subunits is "amiloride-sensitive sodium channel" as ENaC is inhibited by amiloride (Garty and Palmer, 1997; . As detailed below, the HUGO nomenclature appears to be sufficient for naming ENaC orthologs in other vertebrate species whose genomes have been sequenced.
ASICs and other homologs
The five genes that code for the five Acid-Sensing Ion Channel (ASIC) subunits in the human genome have been numbered as ASIC1, ASIC2, ASIC3, ASIC4 and ASIC5 by the HUGO Gene Nomenclature. The same abbreviation is used by the UniProt database (e.g. ASIC1_HUMAN). These channels were previously called as ACCN and BNaC (García-Añoveros et al., 1997) . One example of the proliferation of names is ASIC5. The product of this gene was initially named "brain, liver, intestine Na + channel" (BLINaC) in mouse and rat. The homologous protein in humans was found to be expressed in the intestine. Therefore, it was named "intestine Na + channel (INaC)" in humans (Schaefer et al., 2000) . A more recent study renamed the same protein as "bile acidsensitive ion channel" (BASIC) (Lefèvre et al., 2014) . Although referred to as ASIC5, it is not an acid-activated ion channel. The multiplicity of names for one protein emphasizes the need to adhere to names standardized by international nomenclature.
Many of the ENaC homologs were named based on the protein characteristics such as, sites of expression (e.g. "INaC", "BLINaC"), physiologic consequences of activating mutations (e.g. "degenerin"), ligand interactions (e.g. "FMRFamide-activated", "amiloride-sensitive", "acidsensing"), organism (e.g. HyNaC for channels in Hydra) and original gene name (e.g. pickpocket in Drosophila). As noted with ASIC5, the use of different terms to name homologous proteins results in unrelated names for proteins that are highly homologous or orthologous. Moreover, homologous proteins may be expressed in different cell types and fulfill multiple functions in different species, as observed with ENaC/Degenerin superfamily members. Thus, assignment of one name for a protein may not be relevant for an orthologous protein in a different species.
As an alternative to naming proteins based on functional characteristics, HUGO has taken the approach of a serial numbering system based on homologous groupings (e.g. ASIC1…ASIC5, SCNN1A…SCNN1D). In our view, this is a better approach for the nomenclature of ENaC/ Degenerin superfamily, as it provides identical names to orthologs across species. In the current genomic era, protein sequences are predicted based on genomic sequence analysis that includes comparisons between predicted and known protein sequences. This approach of naming proteins based on sequence homology avoids the problems of names associated with protein characteristics.
In numerous invertebrate Metazoan species there is a multitude of highly divergent proteins that show sequences homologous to ENaC/ Degenerin superfamily members, but clearly represent different families based on low sequence similarity. As there is no standardized nomenclature for these proteins, in this review we used the names as in the original database records.
Chromosomal location and intron-exon organization of ENaC genes
In the human genome, SCNN1A encoding the α subunit is located on the short arm of chromosome 12 (12p) (Voilley et al., 1994) . The genes SCNN1B and SCNN1G encoding the β and the γ subunits are located side by side on the short arm of chromosome 16 (16p) (Shimkets et al., 1994; Voilley et al., 1995) . The SCNN1D gene encoding the δ subunit is located in chromosome 1p (Table 1) .
In the mouse genome, the gene Scnn1a is located on chromosome 6, and Scnn1b and Scnn1g are juxtaposed at a region of chromosome 7 that shares synteny with the human chromosome 16 (Brooker et al., 1995; Pathak et al., 1996) (Table 1) . Mouse genome appears to have lost the gene for the delta subunit (Giraldez et al., 2012) . Yet, as detailed in Section 6, most vertebrate genomes have a gene that encodes for the delta subunit.
Sequencing of the α, β, and γ genes of the human genome revealed that all three genes include 13 exons but only 12 of these contain translated sequence (Fig. 2) (Table 1) (Ludwig et al., 1998; Saxena et al., 2002 Saxena et al., , 1998 Thomas et al., 1996) . In the human somatic chromosomes, the average number of exons per coding gene ranges from 8.5 to 13.5 (Hubé and Francastel, 2015) .
In all three genes, SCNN1A, SCNN1B and SCNN1G, the introns are located at identical positions in the coding sequence (Saxena et al., 1998) . The SCNN1D gene structure, revealed by the human genome sequencing project, includes at least 16 exons 13 of which are protein coding (Table 1) . Despite the conservation of the intron positions within the coding sequence, the sizes of the introns have diverged greatly resulting in significant differences between gene lengths (Fig. 2) . The sizes of the primary transcripts prior to splicing range from 10,806 bp (for SCNN1D) to 79,030 (for SCNN1B) (Table 1) ( Fig. 2) . Among the four genes, the longest intron is intron #1 of SCNN1B (Fig. 2 , note that there is a break in the x-axis of nucleotide position). In both SCNN1A and SCNN1B genes, the longest introns are intron #1 or #2 closest to the 5′-end of the transcription initiation site (Fig. 2 ). This represents a general trend that in genomes the longest introns appear at the 5′-end of the gene . Human  SCNN1A  12p  8543.1  ENST00000228916  28,703  13  12  SCNN1B  16p  10609.1  ENST00000343070  79,030  13  12  SCNN1G  16p  10608.1  ENST00000300061  34,169  13  12  SCNN1D  1p  -ENST00000400928  10,806  16  13  Mouse  Scnn1a  6  39641.2  ENSMUST00000081440  23,603  12  12  Scnn1b  7  21804.1  ENSMUST00000033161  53,691  13  12  Scnn1g  7  21803.1  ENSMUST00000000221  33,971  13  12  Rat  Scnn1a  4  -ENSRNOT00000067271  23,137  12  12  Scnn1b  1  -ENSRNOT00000067138  54,743  13  12  Scnn1g 1 -ENSRNOT00000024057 33,957 13 12 a Based on the NCBI CCDS, and Ensembl databases. (2015-03-13) . The name of each gene and its chromosomal location are noted at the left-edge of the diagrams. Under each exon-intron map, there are two coordinates: the upper one specifies the chromosomal coordinates, and the lower one specifies the position of the nucleotide (in kb) starting at the 5′-end of the RNA transcript (marked as 0). The codes above the diagrams represent the ID numbers of the RNA transcript (starting with NM_) and the encoded protein (starting with NP_) in the NCBI Gene database. For SCNN1A, two transcripts are shown as examples of alternative splicing products. Notes: 1) SCNN1A coordinates are given in a scale that descends from left-to-right because the gene is located in the reverse strand of the chromosome.
2) The x-axis for SCNN1B intron #1 includes a break between 5 kb and 45 kb marks. Display of the full sequence (i.e., without a break) would lead to the visible merger of exons 9 and 10 and hence disappearance of the intron 9 because of the short size of intron 9. Additional information about the genes and their products is provided in Tables 1 and 2 . Fig. 3 . Schematic illustration of the transmembrane localization of an ENaC subunit. The sequence shown is of human α subunit (see Table 1 ). All homologous ENaC subunits have two transmembrane segments. The TM segments for this figure was predicted by the Phobius program (see Table 3 ) and drawn using Protter (Omasits et al., 2014) . The extracellular domain includes about 70% of the sequence of amino acids of an ENaC subunit.
Analyses of the RNA transcripts of the genes encoding ENaC subunits have provided evidence for alternative RNA splicing products and multiple translation initiation sites (see Ensembl records listed in Table 1 ) (Berman et al., 2015; Bremner et al., 2002; Thomas et al., 2002) . Alternative splicing is common in vertebrates and is thought to contribute to a higher level of phenotypic complexity in mammals (Kim et al., 2007) . In cases where there was more than one isoform sequence for a gene, we used the UniProt Canonical Sequence or an NCBI Consensus CDS (CCDS) as the representative sequence for the gene in homology analyses for paralogs and orthologs.
Assembly of ENaC with paralogs
Previous studies have established that ENaC paralogs serve as subunits that form the channel (Canessa et al., 1994b; . The most salient common feature of ENaC paralogs is the presence of two segments that function as two transmembrane (TM) segments embedded in the membrane, referred to as TM1 and TM2 (Fig. 3) . In membrane-bound form, the amino (N) and the carboxy (C) termini of ENaC are intracellular, and a large extracellular segment, comprising about 70% of the amino acids of each subunit, connects the TM segments.
Although the structure of ENaC is not known, the strong hydrophobicity of the TM segments and homology with the resolved ASIC1 structure (Jasti et al., 2007) allows prediction of the TM segments (Table 3 ) ( Fig. 3 ). In humans, the four ENaC subunits show significant sequence similarity in large segments of the extracellular region (Fig. 4) . The most divergent parts of the ENaC paralogs are the N-and C-termini ( Fig. 4) .
The resolved structures of chicken ASIC1 revealed a homotrimer composed of three identical subunits (Baconguis et al., 2014; Jasti et al., 2007) (Fig. 5) . In contrast to ASIC1 structure, independent lines of evidence indicate that ENaC is assembled as a heterotrimer composed of α (or δ), β and γ subunits:
1. Specific mutations in any one of the three genes coding for the α, β, and γ-ENaC were shown to result in an autosomal recessive disorder termed multi-system pseudohypoaldosteronism type I (PHA) (Chang et al., 1996; Hanukoglu, 1991) . The underlying mechanism of multi-system PHA is the unresponsiveness to aldosterone in target organs expressing ENaC including kidney, sweat and salivary glands, reproductive and respiratory tracts (Enuka et al., 2012; Hanukoglu, 1991) . In affected patients the disease is characterized by severe hyponatremia, hyperkalemia, dehydration and acidosis that starts in infancy and continues later in life with varying severity (Belot et al., 2008; Chang et al., 1996; Edelheit et al., 2010 Edelheit et al., , 2005 Hanukoglu and Hanukoglu, 2010; Hanukoglu, 1991; Strautnieks et al., 1996) . So far, no case of PHA has been identified that is caused by a mutation in the SCNN1D gene encoding δ-ENaC.
2. Gene knockout studies inactivating the genes coding for the α, β, and γ subunits in mice showed that all three subunits are essential for survival. All gene knockout mice without either α, β, or γ subunits (genotype: −/−) die within b 50 h after birth, with respiratory insufficiency or kidney dysfunction leading to hyperkalemia, metabolic acidosis and severe dehydration (Barker et al., 1998; Bonny and Hummler, 2000; Hummler et al., 1996) . 3. Robust expression of ENaC activity in Xenopus oocytes requires all three subunits (α, β, and γ) (Canessa et al., 1994b; Edelheit et al., 2014 Edelheit et al., , 2011 Giraldez et al., 2007) . Expression of one or two ENaC subunits in Xenopus oocytes yields either minimal or no detectable channel activity (Canessa et al., 1994b; Edelheit et al., 2011; Giraldez et al., 2007) . 4. Assessment of the stoichiometry of ENaC subunits using fluorescently labeled subunits, and imaging of ENaC-antibody complexes by atomic force microscopy indicated that the subunits are assembled as heterotrimers with a ratio of 1:1:1 Stewart et al., 2011) . 5. Post-translation processing of the channel, including N-glycan maturation and furin-dependent cleavage, requires expression of all three subunits (Hughey et al., 2004) .
Studies examining the structure of ENaC by molecular modeling and site-directed mutagenesis of conserved residues support the concept that ENaC structure is homologous to ASIC1 channel. In contrast to ASIC1 that functions as a homotrimer, ENaC is an obligate heterotrimer (Edelheit et al., 2014; Stockand et al., 2008) . A study based on mutagenesis of Cl − inhibitory sites suggests that the clockwise orientation of the subunits is αγβ, when viewed from the top of the channel (Collier and Snyder, 2011) .
In summary, the three paralogs encoding the α (or δ), β and γ subunits are essential for the assembly of functional channels. As summarized below, these three paralogs are highly conserved in all vertebrates. The evolutionary conservation of these genes provides further evidence that the subunits encoded by these genes are essential for the assembly of the heterotrimeric channel. The tissue distribution of the δ subunit is different from that of other subunits and its activity has been studied less. Excellent reviews by Giraldez et al. and Ji et al. summarize the characteristics of δ-ENaC (Giraldez et al., 2012; Ji et al., 2012) .
Trimeric structure and channel pore
In the trimeric structure of ASIC1, one of the issues that have been intensively studied is the location of the channel pore through which ions flow across the membrane. ASIC1 has six transmembrane segments -three of each of TM1 and TM2. The structure of ASIC1 revealed that the TM1 and TM2 helices are organized in two separate concentric triads. The central pore is formed by the triad of TM2s. TM1s form a triad around the TM2 triad (Baconguis et al., 2014; Gonzales et al., 2009; Li et al., 2011) . Most studies on ENaC suggest a similar organization of the TM segments in ENaC as well (Tolino et al., 2011) . Section 11 on conserved motifs presents the properties of these segments in detail.
One of the major unresolved questions in ENaC function is the path(s) of ions into the channel pore in the membrane as described above. On top of the channel pore, the extracellular regions of the three subunits form a tripartite funnel with rotational symmetry ( Fig. 5) (Baconguis et al., 2014; Jasti et al., 2007) . However, the three subunits are not completely tightly juxtaposed along their entire lengths and there are fenestrations between the subunits above the pore around the region called "extracellular vestibule" (Baconguis et al., 2014) . The hollow space along the central axis of rotational symmetry of this channel has been called a "vestibule". This vestibule leads from the top opening in the lumen to the channel pore embedded in the membrane. Under different crystallization conditions, segments of this vestibule may be constricted or expanded (Baconguis et al., 2014) . These different states suggest that dynamic vestibule constriction and expansion may regulate ion flow into the channel pore.
The extracellular and central segments of the vestibule are surrounded by beta-strands of the palm domain two of which are connected to the TM helices (β1 to TM1 and β12 to TM2) ( Fig. 5 ). Thus, changes in the angles of TM helices may effect constriction of the Table 3 Intracellular, extracellular and transmembrane (TM) segments of human ENaC subunits. The position1 of TM1 was predicted using Phobius software (Käll et al., 2004) . The position of TM2 is based on homology with the ASIC1 structure (Jasti et al., 2007) .
Extracellular TM2 Residues that are identical in all four subunits are shaded. The numbers (2 to 12) below the sequences mark the position and number of the intron located in or at the end of the codon of the specific residue above the number. In the 5′ portion of the gene encoding δ-ENaC subunit there are additional introns that are not shown here. The sequences were aligned using the ClustalW2 program, and the alignment of some residues in the amino and carboxy termini were manually edited to eliminate some gaps without affecting percent identity score. TM1 and TM2 mark the predicted transmembrane segments of the proteins.
vestibule. Conversely, movement of the β1 and β12 strands may effect opening or closing of the channel gate by modulating the position of the TM helices. For ASIC1, there is evidence that the movement of the coiled linker region immediately prior to β1 and β12 strands may effect channel opening and closing Springauf et al., 2011) . The dynamics of these parts are also affected by the interactions between the thumb and finger domains (Gwiazda et al., 2015; Yang et al., 2009 ). There is a variety of intracellular and extracellular factors that can affect the dynamics of these segments, e.g. cytoplasmic Ca 2+ (Gu, 2008) , binding to actin and other cytoskeletal proteins (Ilatovskaya et al., 2012; Sasaki et al., 2014) , phosphoinositides that serve as second messengers in intracellular signaling cascades (Hille et al., 2015; Pochynyuk et al., 2008) , extracellular ions, including Na + and Cl − , pH and cleavage by extracellular proteases (Kashlan and Kleyman, 2012; Kellenberger and Schild, 2015) .
Homology between ENaC and ASIC paralogs
To assess the similarity of the ENaC and ASIC sequences, Fasta format of the selected sequences were downloaded from the Uniprot database. Multiple sequence alignments were carried out by the CLUSTALW software (version 2.1) with default parameters (http://www.genome.jp/ tools/clustalw/) (Chenna et al., 2003) . Percent identity figures were calculated using GeneDoc (Nicholas and Deerfield, 1997) . Sequence alignments for the figures were generated using the Jalview program (Waterhouse et al., 2009 ).
Among the four human ENaC subunits, greatest similarity exists between the α and δ subunits (34% identity) and the β and γ subunits (34% identity) ( Table 4 ). The percent identity between other pairs (e.g. α vs. β or γ) is between 23 and 27% (Table 4 ). Since the N-and C-termini of ENaC subunits show divergence, we also determined the (Edelheit et al., 2014) . Red colored small spheres represent water molecules placed at the center of the predicted pore and extracellular vestibule in each 3 Angstrom slice of 2QTS calculated by Porewalker. The sequences were aligned using ClustalW2 program (version 2.1).
sequence identity in the extracellular regions of ENaC subunits. These values indicate a 2-6% higher sequence identity in the extracellular regions (Table 5) , as compared to the full-length sequences of ENaC subunits (Table 4 ).
In contrast to ENaC subunits, the sequence identities between human ENaC and human ASIC subunits are much lower: in the range of 11 to 16% (Table 4 ). Thus, clearly ENaC and ASIC paralogs belong to distinct families as marked by the demarcation lines in Table 4 . Percent sequence identity between ASIC subunits themselves ranges from 17 to 64% (Table 4 ). Similar to ENaC, the extracellular segments of ASIC subunits share higher identity than the whole sequences (compare Fig. 7 vs. Fig. 6 for ASIC), reflecting divergence of N-and C-terminal sequences (see Section 11).
Comparisons of the sequences of all four ENaC paralogs from six species (in addition to human) indicate that the degree of sequence identity between the four paralogs within each species is quiet similar to that observed in the human genome (compare Tables 4 and 6).
In the CATH protein structural domain database (Sillitoe et al., 2015) , ASIC and ENaC channels are listed as two separate families within the Superfamily number 2.60.470.10 titled "Acid-sensing ion channels like domains". CATH classification system is mostly based on specific local structural domains. The domain selected for the classification is mainly the "palm" domain based on the ASIC1 structure (2QTS). The palm domain is composed of a complex of β-sheets. Therefore within the CATH database, the channel is included under Class 2 for "Mainly beta" type domains. Since the ASIC1 structure is an intricate complex of α-helices and β-sheets this classification does not take into account the full structural view of the channels.
Sites of divergence among ENaC and ASIC paralogs
The divergence of N-and C-termini of ENaC/Degenerin superfamily members (noted above) represents a general trend in protein families. Previous studies on other proteins have shown that changes in protein domain architecture are most common in the N-and C-termini of proteins (Björklund et al., 2005; Forslund and Sonnhammer, 2012) . In contrast to αand δ-ENaC, the N-and C-termini of human βand γ-ENaC are highly conserved. The structures of these terminal segments are currently not known, but there are studies indicating that these cytoplasmic domains interact, either directly or indirectly, with other cytoplasmic and cytoskeletal proteins such as syntaxin (Berdiev et al., 2004; Condliffe et al., 2003) , actin (Copeland et al., 2001) , ubiquitin 6 . Topology diagram of chicken ASIC1 structure. The cylinders represent helical segments, and the arrows represent β-strands. The transmembrane (TM), and secondary structural domains (palm, β-ball, finger, thumb and knuckle) were colored distinctly and named as in Jasti et al. (2007) . Certain features of the diagram were adopted from previous diagrams (Eastwood and Goodman, 2012; .
Table 6
Percent sequence identity between four paralogous ENaC subunits (α, β, γ and δ) in six species (for comparison of human paralogs see Fig. 4 and Table 4 ). ligase Nedd4 and protein kinases (Asher et al., 2001; Bobby et al., 2013; Shi et al., 2002) .
Since the structure of the extracellular region of ASIC1 has been resolved and in this region there is a significant homology between ASIC1 and ENaC subunits, we shall present the sites of divergence in this region in terms of the secondary structural segments of ASIC1. The original study on the crystal structure of ASIC1 noted that ASIC1 structure resembles a hand holding a ball (Jasti et al., 2007) . Hence, domains within the extracellular regions are referred to as palm, thumb, knuckle, finger and β-ball (Jasti et al., 2007) . The palm and β-ball domains are formed by non-contiguous β-strands and loops, and are in close proximity to the membrane (Fig. 6 ). More peripheral domains (thumb, knuckle and finger) are formed by contiguous α-helices and loops ( Fig. 6 ).
To facilitate location of divergent regions in ENaC relative to the structural domains of ASIC1 in Fig. 7 we provide an alignment of the β-subunit with ASIC1 sequence including marking of the positions of the secondary structural elements according to the PDB ID 2QTS (Fig. 7) .
In the extracellular region of ENaC subunits, there are several highly divergent segments where insertions/deletions are found (Figs. 4 and 7). One divergent area is in the finger domain in between helix #1 and β-strand #3 (Figs. 4, 6 and 7) . This segment is divergent in four ENaC paralogs and is characterized by poorly aligned sequences including large insertions and deletions (Figs. 4 and 7) . This "finger" domain shows the highest variability among ENaC/Degenerin superfamily members indicating that this region may have an important role in conferring functional specificity (Eastwood and Goodman, 2012; . For example, the α and γ-subunit finger domains have inhibitory tracts that are released following proteolytic processing Carattino et al., 2008a Carattino et al., , 2006 Passero et al., 2010) .
Another divergent segment in ENaC starts at about residue 376 of the human β-ENaC and includes an insertion of three residues (Fig. 4 ). In alignment with ASIC1 this region is located in the region between β-9 and α-4 ( Fig. 7) . This is the region that connects the palm domain of ASIC1 to the thumb domain (Jasti et al., 2007) . This region has been proposed to transmit conformational changes in the periphery of the extracellular region to the channel pore and gate (Jasti et al., 2007; Li et al., 2011; Shi et al., 2011) . Other divergent areas include the knuckle domain and the loop connecting the β-6 and β-7 strands. Residues in Fig. 7 . Secondary structures in the sequence of chicken ASIC1. The positions of the structures were taken from the PDB file of 2QTS. The numbering of the structures is based on Jasti et al. (2007) . Note that some short stretches of helix and β-strand are not numbered. For comparison of sequence conservation, human β-ENaC is globally aligned with the ASIC1 sequence and identical residues were gray color shadowed. Note that most but not all secondary structures are associated with conserved sequences. the β-6-β-7 loop of the α subunit have been proposed to function as an extracellular Na + binding site that is involved in Na + self-inhibition (Kashlan et al., 2015) .
In conclusion, it appears that areas of divergence that are seen in ENaC and ASIC1 comparisons are located in the connecting segments within the finger and thumb domains. In additions to these, there are a few other sequence differences but the sequence homology predominates especially in the β-strand segments in the palm and β ball domains ( Figs. 6 and 7) .
It is interesting that the most divergent areas within members of the ENaC/Degenerin family are in the periphery of the extracellular region. There is growing evidence that these divergent areas have sites of direct interaction with extracellular regulatory factors that modulate channel activity, such as proteases Vallet et al., 1997) , inhibitory peptide released by proteases Kashlan et al., 2010) , extracellular chloride (Cl − ) ions (Collier and Snyder, 2011) , extracellular Na + (Chraibi and Horisberger, 2002; Edelheit et al., 2014; Winarski et al., 2010) , protons (Collier et al., 2012; Krauson et al., 2013) , and laminar shear stress induced by fluid flow (Shi et al., 2012) . As the different ENaC/Degenerin family members are regulated by distinct factors, evolutionary divergence within the peripheral domains may have been a key factor in allowing this family to evolve with different functional properties.
Phylogenetic distribution of ENaC orthologs
Determination of genomic sequences of many eukaryotic species has provided ENaC gene sequences from a broad spectrum of vertebrates. Comparison of ENaC gene and protein sequences across species is useful from several perspectives. Knowledge about ENaC orthologs across species can contribute to our understanding of the significance and function of ENaC subunits. Conservation of a gene across species suggests an important physiological function for the organism (see for example Studer et al., 2011) . Secondly, comparisons of the sequences of the ENaC subunits enhance our understanding of the structural and functional importance of conserved sequence segments. Thirdly, the absence of an ENaC gene in a species is important information as the species may use alternative subunits or channels to fulfill the homeostatic functions of ENaC.
The Ensembl genome database (release 79) of vertebrate and eukaryotic species currently includes 540 genes homologous to ENaC family members, 188 of which encode one of the four ENaC subunits. The remainder represents ASICs or other family members from different species. A BLAST search of the UniProt protein database shows that ENaC subunits are found in vertebrates. BLAST search of UniProt bacteria, fungi and plant protein sequence databases did not reveal orthologs of human ENaC subunits. Here we provide a summary of the appearance of ENaC genes in Metazoan species.
Cyclostomata and Chondrichthyes (cartilaginous fishes)
In the phylogeny of vertebrates, the most ancient taxon is Cyclostomata, i.e. jawless vertebrates. Lampreys and hagfishes are common extant species that represent this taxon. These fishes have only cartilaginous elements as a primitive skeleton that supports their body parts (Shimeld and Donoghue, 2012) . The genome of sea lamprey includes three genes that code for the orthologs of α, β and γ-ENaC, but apparently does not include a gene for the delta subunit (Table 7 ) (Smith et al., 2013) . The sequence of lamprey α subunit is not complete (S4RTA3_PETMA).
Next steps in the evolution of vertebrates include the development of jaw and skeleton leading to the formation of Gnathostomata (jawed vertebrates) (Donoghue et al., 2006; Kawasaki and Weiss, 2006; Kuratani, 2012) . The earliest representatives of this branch include cartilaginous fish species, including rays and sharks. The genome of the cartilaginous elephant shark has been determined and it includes three orthologous ENaC genes (Venkatesh et al., 2007) (Table 7) . Table 7 Presence (+) or absence (−) of genes encoding SCNN1A, SCNN1B, SCNN1G, and SCNN1D in non-mammalian vertebrates. 
Euteleostomi (bony vertebrates)
In evolution, the development of jaw is followed by the development of bony fishes. The clade of Euteleostomi (bony vertebrates) includes two branches:
1. Actinopterygii (ray-finned fishes): The "ray-finned" description is based on spiny projections in the fins of these fishes.
Comparison of shark, human and teleost ray-finned fish genomes has revealed that 154 genes (including ENaC paralogs) that have orthologs in the shark genome are not present in ray-finned fish genomes (Venkatesh et al., 2007) . Thus, the whole clade of Actinopterygii (ray finned-fishes), which includes Zebrafish, do not have ENaC genes. However, they have ASIC genes. During the course of evolution, ENaC genes may have been lost at the onset of the branch of ray-finned fishes for lack of a functional need or were replaced functionally by alternative genes and proteins (Uchiyama et al., 2014; Venkatesh et al., 2007) . The EnsemblCompara GeneTree shows one "SCNN1A" gene for Lepisosteus oculatus (spotted gar) that is a freshwater ray-finned fish. Our comparison of this protein with human ASIC and ENaC paralogs showed that it is more homologous to ASIC than ENaC paralogs. UniProt database includes 9 protein fragments from the spotted-gar genome that show homology to "amiloride-sensitive sodium channel family". Our comparison of 4 partial sequences (with lengths N400 residues) from the UniProt database with human ASIC and ENaC paralogs showed that all four sequences share 49-61% sequence identity with human ASIC1, while they share 13-15% with human ENaC paralogs. Therefore, the naming of the single ray-finned fish spotted gar protein (ENSLOCP00000013400) as "SCNN1A" appears to be in error. Thus with the elimination of this case, so far ray-finned fish genomes do not appear to have ENaC orthologs as noted above.
2. Sarcopterygii (lobe-finned fish): The "lobe-finned" description was given because of their fleshy paired fins which are considered an early form of limb development in tetrapod vertebrates with four limbs. Therefore, this clade also includes all Tetrapoda species. Sarcopterygii includes two ancient taxa with extant fishes: Coelacanthiformes (lobe finned fishes, coelacanth) and Dipnoi (lungfishes) ( Table 7) . The three ENaC genes are present in the genomes of these fish (Amemiya et al., 2013; Uchiyama et al., 2014 Uchiyama et al., , 2012 . Tetrapoda is considered a branch that emerged in parallel to Dipnoi.
Amphibia
In the evolutionary ladder, the development of bony vertebrates was followed by the emergence of tetrapods with four limbs. Amphibians (frogs, toads and salamanders) represent the first class of tetrapods. Xenopus tropicalis (frog) genome includes genes encoding the four ENaC paralogs (Hellsten et al., 2010) (Table 7) .
Sauropsida
The second group of tetrapods is Amniota (amniotes) characterized by having an egg or embryo covered with an amniotic membrane. Amniotes include two clades: Sauropsida that includes birds and reptiles, and Mammalia (mammals).
The genome sequences of three crocodilians have been recently reported (Green et al., 2014) . Currently, NCBI Genome database Genome Assembly and Annotation report (including a list of predicted proteins) is available only for Alligator mississippiensis (American alligator). Search of this database for amiloride-sensitive sodium channel yielded four sequences (XP_006258424.1, XP_006268483.1, XP_006268484.1, and XP_006277862.1). In this report, the first and the fourth sequences were named as "amiloride-sensitive sodium channel subunit alpha-like", while the second and the third sequences were named as "…subunit beta" and "…subunit gamma". Percent identities of these four sequences are shown on Table 6 . These results show that the second sequence (XP_006277862.1) that was labeled as "alphalike", matches other delta-ENaC sequences in terms of its percent identity with the other alligator ENaC subunits (Table 6 ) and human ENaC subunits (results not shown). Thus, we conclude that this alligator has four ENaC paralogs including one gene coding for the delta subunit.
The Ensembl (release 79) Gene Tree view includes two reptiles: softshell turtle and green anole lizard ( Table 7) . Both of these genome sequences also include four genes coding for the four ENaC paralogs (Table 7) .
Bird genomes that are listed in Ensembl (release 79) Gene Tree view, include four genes coding for ENaC subunits. The recently determined genome of sunbittern (Eurypyga helias) is not yet included in the Ensembl database. Similar to the case of alligator genome noted above, NCBI Genome database Genome Assembly and Annotation report includes four amiloride-sensitive sodium channel entries one of which was listed as "…alpha-like". Our sequence identity analysis unequivocally classifies this "alpha-like" as the δ subunit. Therefore, this genome also includes four ENaC heterologs (Table 7) . Since birds and crocodilians are considered evolutionary descendants of dinosaurs (Green et al., 2014) , it is likely that dinosaurs also had four genes coding for ENaC subunits.
Mammalia
The class of Mammalia includes three taxa: egg-laying mammals (Monotremata), marsupials (Metatheria) and placental mammals (Eutheria). In nearly all mammals in these three clades, there are four ENaC genes (Table 8 ). Ensembl genome database (release 79) includes 38 mammalian species, including 34 placental mammals, 3 marsupials (opossum, Tasmanian devil, wallaby) and egg-laying platypus. All of these species have four paralogs of ENaC with the exception of the mouse genome that appears to have lost the gene for the delta subunit (Ensembl Gene Tree for ENaC homologs). The rat genome, that is a very close phylogenetic relative of the mouse, includes four ENaC paralogs, but the δ subunit sequence is presently available only as a fragment (NCBI Accession: NC_005104.4).
In the Ensembl (release 79) Gene Tree view, there are only one to three ENaC paralogs for some mammalian species. Our examination of the genome in each of these cases showed that in most cases the genome sequence does include the missing paralog(s); in other cases the genome sequence is incomplete.
Summary for Tetrapoda
For the genomes of tetrapods where sequence information is available, including amphibians and amniotes (lizards, crocodiles, birds, and mammals) there are four paralogs of ENaC with the exception of mouse that has lost the gene for the delta subunit (Tables 7 and 8) (Giraldez et al., 2012) .
Homologs in invertebrates
As noted in the introduction, invertebrate species have many genes encoding polypeptides homologous to ASIC/ENaC such as mec and deg genes in C. elegans, and pickpocket genes in Drosophila (Table 9 ). In global (end-to-end) sequence alignment, homologous C. elegans (CAEEL) proteins share up to 16% sequence identity with ENaC subunits from 18 vertebrate species (Table 10 ). In contrast, among ENaC subunits, percent identities are 40-95% depending on the taxonomic distance (Tables 11 and 12) . Table 10 includes only comparisons with the α ENaC subunit. Comparisons with the β and γ sequences from the same 18 species show a highly similar range of identity (data not shown), i.e., there is no significant difference in the similarity of any CAEEL homolog to any of the three ENaC subunits. Similarly, C. elegans homologs share only a low (b15%) sequence identity with the human ASIC isoforms. Thus, these homologs represent a family(s) separate from the ENaC as well as ASIC families. In Table 9 we note only a few references for the Deg family of proteins in nematodes. The UniProt protein database includes many polypeptides that belong to this family in various worms. As these are outside the scope of this review we will not further relate to these sequences.
In addition to the nematode and arthropod species, BLAST search of UniProt protein database shows significant sequence identity in the range of 13-22% between predicted protein sequences from the genome of Strongylocentrotus purpuratus (purple sea urchin) (unpublished yet; available at Ensembl database) (Table 9) and vertebrate ENaC subunit sequences. Sea urchins belong to the phylum Echinodermata (echinoderms). In the records of this genome, some of these homologs have been assigned names as such as "amiloride-sensitive sodium channel subunit alpha", "… beta" and "…gamma". Multi-sequence comparisons of these proteins with vertebrate ENaC sequences show up to 18% partial sequence identity and reveal large areas of sequence insertions. These echinoderm sequences likely constitute an additional family within the ENaC/Degenerin superfamily. The functional characteristics of these proteins have not been determined, and we believe that it is premature yet to call these proteins with names that imply a direct orthologous relationship with vertebrate ENaC subunits. Moreover, sea urchin homologs show greater sequence identity with vertebrate ASIC paralogs than with ENaC. Gene Tree display in Ensembl Metazoa Genome database links between these sea urchin proteins and Deg type proteins from invertebrate species listed in Table 9 . Among invertebrates the taxon that is closest to vertebrates is Cephalochordata that includes lancelets. Cephalochordata and Vertebrata are two of the subphyla of Chordata (Table 9 ). The genome sequence of Florida lancelet (amphioxus) has been determined (Putnam et al., 2008) . BLAST search of the predicted lancelet proteins using ENaC sequences yields many homologous fragments. Most of these lancelet sequences share greater homology with human ASIC (7-24%) than with ENaC paralogs. As many of these sequences are in the status of homology predicted proteins, it is too early to make definitive statements regarding phylogenetic relationships. Nonetheless, the lancelet sequences do not appear to be direct orthologs of human ENaC paralogs.
In summary, among invertebrate species, there are many members of the ENaC/Degenerin superfamily that clearly differ from ENaC. Thus, these homologs do not appear to be direct orthologs or ancestors of ENaC. As we discuss below, the ancestors of ENaC apparently emerged prior to the branching of the first vertebrates but there is not an apparent direct ancestor of ENaC among the invertebrate sequences available at present. The total number of eukaryotic species is estimated as~8.7 million (Mora et al., 2011) and only a few percent are vertebrate species. Hence, determination of more invertebrate genomes may lead to the findings of new families within the ENaC/Degenerin superfamily.
The multiplicity and divergence of invertebrate sequences that show homology to "amiloride-sensitive sodium channels" require extended efforts to classify these proteins into families based on their homology and phylogenetic distance among other metazoan sequences.
Homology between ENaC orthologs
To determine the degree of conservation and sites of divergence of ENaC orthologs, we examined in more detail 20 species for which full sequence of the three ENaC subunits are available. Tables 11 and  12 show results for 18 species rather than 20 we analyzed (omitted gorilla and rat) because of page and font size limitations. The species selected included representatives of primates (rhesus, chimpanzee, and human), elephant, ruminants (cow), carnivores (dog), rodents (mouse), leporids (rabbit), whales (killer whale Orca), marsupials (Tasmanian devil), egg-laying mammals (platypus), birds (chicken and flycatcher), reptiles (alligator and turtle), amphibians (Xenopus), lobe finned fishes (coelacanth), and lungfish. Table 11 presents the percent sequence identity for α subunit orthologs from 18 species with headers that mark taxonomic classification. Each cell of the table gives percent identity between two sequences from the species listed in the respective header and the first column. To determine the percent identity in the conserved extracellular domain of α subunit orthologs, we also compared the sequences of the extracellular domain (Fig. 3) . On the average across species, sequence identity is 9% higher in this central segment, than the sequence identity along the entire length of the orthologous proteins (data not shown).
Table 10
Percent identity between globally aligned amino acid sequences of selected metazoan ENaC homologs and α ENaC subunit sequences from 18 vertebrate species (see Tables 7 and 8 for the full names of the species).
Human
Chimp.
Rhesus
Eleph. Global alignment of α sequences from 20 species showed that Nand C-termini of orthologous α subunits are divergent across species (see Section 11). Similar to the α subunit, δ subunit orthologs also show high divergence at their N-and C-termini. In contrast, the Nand C-termini of the β and γ subunits are well conserved (see Section 11).
Bovine
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For all three ENaC subunits (α, β, and γ), sequence identity between orthologs is consistent with the phylogenetic distance between species.
The following list represents some highlights of this phylogeny related homology:
1. ENaC subunits of extant species within the same taxonomic family share generally N87-96% sequence identity. Example: Human and chimpanzee (family Hominidae) (Tables 11 and 12 ).
2. All placental mammal sequences, including marine mammal Orcinus orca (killer whale), share N70% identity (Tables 10 and 11 ). 3. Birds and reptiles share a common ancestor (Green et al., 2014) .
Consistent with this phylogenetic relationship, chicken, and flycatcher ENaC sequences share the highest identity (70-81%) with alligator and turtle (Tables 11 and 12 ). In contrast, sequence identity between ENaC sequences from birds versus mammalian species is lower, ranging between 50 and 66% (Tables 11 and 12 ). 4. ENaC orthologs in the amphibian Xenopus, share 47-59% identity with the sequences from amniotic animals (Tables 11 and 12 ). 5. The orthologs in coelacanth that are descendants of the earliest forms of vertebrates share about 39-55% identity with the ENaC sequences from other Vertebrata species (Tables 11 and 12 ). 6. Lungfish (Table 8) , considered a species closest to tetrapods, share 49-57% identity with coelacanth sequence and 39-54% identity with other vertebrates (Tables 11 and 12 ).
Insertions and deletions in orthologs
In phylogenetic comparisons above, we noted that in some ENaC/ Degenerin homologs, in addition to sequence divergence, there are major insertions/deletions (extending for tens to hundreds of residues) relative to ENaC. Thus, we concluded that such proteins belong to different families within the ENaC/Degenerin superfamily. The major differences in the functions of these families of proteins are associated with specific structural features built upon the major common scaffold of these channels. Whereas ENaC is constitutively active and functions in transport of Na + across epithelia and consequently regulates extracellular fluid volume, ASIC and degenerin type channels fulfill mainly sensory functions (Ben-Shahar, 2011) (see Section 14). The large insertions in the finger domain (Fig. 6 ) of DEG family of proteins are apparently part of the complex of mechano-sensitivity of these channels (Eastwood and Goodman, 2012) .
In the alignment of α subunit sequences from tetrapod species, it can be seen that the N-and C-termini show divergence (see Section 11). However, the extracellular regions do not have major insertions and deletions. Several sequences have deletion/insertion of 2-6 residues relative to the human ortholog. Nearly all of these are located at sites of sequence divergence when compared with ASIC1 (see Section 5.1).
Alignments of β-ENaC sequences also show no major insertions/deletions for 20 species. The anole lizard β-ENaC has a 16-residue insert starting at residue 406. The status of this protein is currently "uncharacterized protein" implying it may have errors.
Alignment of γ subunit sequences from 20 species shows high homology in the extracellular region, with the exception of the chimpanzee sequence that has an~65 residue deletion. Such a deletion is not found in other mammalian species, and could reflect an error.
Overall, ENaC family orthologs are highly conserved throughout the spectrum of vertebrate species. The degree of their sequence identity is related to their phylogenetic/taxonomic distance. ENaC orthologs do not have major insertions/deletions and can be readily distinguished from members of other families within the ENaC/Degenerin superfamily by their high percent of sequence identity.
Identifying ENaC family members within the ENaC/Degenerin superfamily
Members of the ENaC/Degenerin superfamily are readily identified by their common structural features: a large extracellular region connecting two transmembrane domains, and relatively short intracellular N-and C-termini (Fig. 3 ). Beyond these common structural features, the proteins share sequence homology of varying degrees, depending on their subfamily and the phylogenetic distance between species. Among vertebrates, there are two subfamilies: ASIC and ENaC. Analyses presented above show that ENaC paralogs in vertebrate species can be readily distinguished from ASIC paralogs.
In phylogenetic comparisons, we noted that some homologs are marked as ENaC orthologs in genome analysis. However, our analyses indicate that these are ASIC rather than ENaC orthologs. As more genome sequences are determined, misclassification of orthologs may occur. To avoid this problem, we formulated thresholds of sequence identity that can clearly distinguish ENaC orthologs from other members of ENaC/Degenerin superfamily.
Threshold for orthologs
The sequences of ENaC orthologs across species show a high degree of conservation with the lowest sequence identity of 39% between tetrapod species and lobe-finned fish coelacanth in global alignment (Tables 10 and 11 ). The termini of α subunit orthologs are more divergent, while the sequences of the extracellular region have about 10% higher sequence identity. Thus, in a case where the classification of a sequence is unclear, extracellular regions should be compared. Secondly, insertion/deletion of a large segment (N10 residues) should raise concerns regarding subfamily classification (see Section 8.1).
Protein structure database SCOP employed a minimal criteria of 30% sequence identity for assignment of proteins into the same protein family (Murzin et al., 1995) . CATH database uses N 35% sequence similarity as the criteria for classification as members of a family (Sillitoe et al., 2015) . The observation that among ENaC orthologs sequence identity is N38%, matches the requirements of these two databases for the classification of these proteins as members of the same family of ENaC. As sequence identity with ASIC homologs (see Table 4 ) and other Degenerin type proteins are generally less than 20%, these proteins represent members of families different from ENaC.
Threshold for paralogs
Multisequence comparisons presented here show a consistent picture. Global alignments within species show that ENaC paralogs generally share N 20% sequence identity with one another (Tables 4 and 6 ). In contrast, all four ENaC subunits share less than 20% sequence identity with ASIC. This also extends to other homologs, such as Degenerins. Thus within species, 20% sequence identity appears as the cut-off point for the ENaC family as opposed to membership in the ASIC family among vertebrates.
Pedigree of ENaC family members
By definition, paralogous proteins emerge as a result of a duplication of a gene in a genome and then diverge as a result of accumulation of mutations in duplicate copies at evolutionary time scale. There are several strong lines of evidence that the four ENaC subunits share a common ancestor:
1. All four ENaC subunits share the highest homology among themselves as compared to other families. 2. The genes for all four ENaC subunits have introns in the same locations ( Fig. 4) (Saxena et al., 1998) while many introns of other homologs are at different positions.
Within the ENaC family, two pairs appear to have distinct ancestors: 1) the α and δ subunits, and 2) the β and γ subunits. Apparently, an ancestral ENaC sequence underwent a gene duplication that resulted in the formation of two ancestral genes that again underwent independent duplication events. The result is four paralogous genes coding for the four ENaC subunits. The evidence for two duplication events includes the following:
1. Within each pair of subunits (α and δ; β and γ), there is higher sequence identity than with the other pair of subunits (Tables 4  and 6) . 2. The genes encoding the β and γ subunits are in adjacent locations on the same chromosome (Brooker et al., 1995) , providing evidence that they resulted from a local gene duplication event.
The information provided above on the human genome and other species represents a picture that is true for vertebrates in general. The Ensembl genome database (release 79) of vertebrate and eukaryotic species currently includes 540 homologs of ENaC. A phylogenetic "Gene Tree" constructed for these 540 ENaC homologs using EnsemblCompara GeneTrees paralogy prediction method (Vilella et al., 2009 ) presents a picture that is consistent with the information provided above.
In Fig. 9 we present a hypothetical "pedigree" for the ENaC paralogous genes based on the Ensembl Gene Tree. A phylogenetic tree is analogous to a pedigree. But, phylogeny differs from pedigree in that while in a pedigree ancestor is known, in phylogeny the ancestor is deduced based on homology relationships. The Ensembl Gene Tree predicts a common ancestral gene for all the ENaC homologs that was duplicated. These duplicate genes were once again duplicated to generate the ancestral genes from which the four ENaC genes derive ( Fig. 9 ).
As noted in Section 6, the genes coding for the α, β and γ subunits are present in all vertebrates, except ray-finned fishes, starting with the most ancient jawless vertebrate species such as lamprey (Table 7) . SCNN1D gene coding for the δ subunit appears only in Euteleostomi (bony vertebrates) ( Table 7) .
The widespread phylogenetic spread of the four ENaC subunits provides evidence that the gene duplications that resulted in the formation of these subunits represent an ancient event that preceded the evolution of vertebrates. There is strong evidence for two rounds of whole-genome duplication (2R-WGD) prior to the diversification of the vertebrates (Cañestro et al., 2013; Putnam et al., 2008) . 2R-WGD could result in the generation of four copies of duplicated genes. Yet, it is assumed that duplicate copies of many genes were lost after initial duplication. Currently, we do not know whether all paralogs of ENaC are descendants of this 2R-WGD event. Duplicated genes may also originate as a result of local gene duplication events, independent of whole genome duplication (Cañestro et al., 2013) . The SCNN1B and SCNN1G genes coding for the β and γ subunits most likely represent products of a local duplication event as they are immediate chromosomal neighbors. A recent review provides a general overview of the evolution of ENaC and other functionally related proteins such as Na + -K + -ATPase and renin-angiotensin-aldosterone system proteins and enzymes (Rossier et al., 2015) .
Conserved sequence motifs and their functions
Alignments of ENaC orthologs from different species reveal many segments as well as single isolated residues that are conserved in all species. The conservation of these residues and sequence segments suggests that these residues fulfill important functional roles. In this section, we shall summarize conserved sequence motifs and their functions as well as other important functional sites.
Cytoplasmic amino terminus
As can be seen in the alignments of the human ENaC sequences, the N-termini of α and δ subunits show heterogeneity in both their sequence and length (Fig. 4) . A similar pattern of heterogeneity is observed in the alignment of the N-terminal sequences from 20 species (Fig. 10) . In contrast to the α and δ subunits, the β and γ subunits from 20 species are highly conserved and most are of similar length (Fig. 10) .
Chalfant et al. examined activities of rat ENaC subunits with Nterminal deletions. They found that deletion of residues 2-67 in the Nterminus of the α subunit reduced endocytosis of ENaC and increased the half-life of the channel in the membrane, suggesting that the Nterminus contains an endocytotic motif (Chalfant et al., 1999) . Deletion of longer segments of α, β, and γ N-terminus (94, 50, and 94 residues respectively), drastically reduce ENaC activity .
Yue et al. noted that the N-terminal segments of β and γ subunits contain a stretch of basic residues that is characteristic of Phosphatidylinositol 4,5-bisphosphate (PIP2) binding sites in other proteins (Yue et al., 2002) . Mutation of 4 of these basic residues to nonpolar residues in the β but not in the γ subunit drastically reduced ENaC currents in the Xenopus oocyte expression system .
In a stretch of about 30 to 40 residues prior to the start of TM1, all four human ENaC paralogs have some strictly conserved residues ( Figs. 4 and 10) . These residues are conserved in the four human ENaC paralogs (Fig. 4) as well as in all 20 species examined (Fig. 10) . The conservation of these sequences across species suggests that this region has an important functional role. A Gly37Ser missense mutation in this region of the β subunit causes multi-system PHA and this mutation reduces the open probability (P o ) of ENaC (Gründer et al., 1997) . Mutations of the corresponding residue in the α and γ subunits also reduced channel activity, suggesting that this site has an important role in regulating channel gating (Gründer et al., 1997) . Gründer et al. also examined the roles of the residues flanking the key Gly residue by systematic alanine mutagenesis of 28 residues (H77 to H104 in rat α subunit) (Gründer et al., 1999) . The expression of ENaC with these mutant subunits in Xenopus oocytes showed that most mutants decreased channel activity, likely due to a reduction in channel P o (Gründer et al., 1999) . The stretch of ten residues from T92 to C101 showed the highest sensitivity to alanine mutagenesis, with G95, H94 and R98 mutants showing the strongest reduction (Gründer et al., 1999) . These residues are conserved in all 20 species with the exception of the platypus, which has an exceptionally short N-terminus (Uniprot ID: F7F7U2_ORNAN) ( Fig. 10 ). Since the status of this sequence is marked as an "uncharacterized protein" it may have an error.
TM1
The resolved structure of ASIC1, and sequence similarities between ASICs and ENaCs provide important clues about the stretch of ENaC residues that form TM1. We have also used algorithms to predict the location of the TM1 (Fig. 4 and Table 3 ). Relative to the alignment with ASIC1 sequence, predicted TM1 segment starts three residues (KKK in human β subunit) after the start of the ASIC1 TM1 (cf. Figs. 4, 7 and 10). According to this prediction, TM1 is preceded by 2-3 Arg/Lys residues that are conserved in all ENaC orthologs ( Figs. 3, and 10) . Studies on the distributions of charged residues in α-helical TM segments indicated that positively charged residues Arg and Lys are present at much higher proportions on the cytoplasmic side of the TM segment of proteins. This trend was named the "positive-inside" rule (von Heijne, 1992) . A recent study has shown that in 191 transmembrane α-helical segments, the residues Arg and Lys are present at highest proportion just before the start of the lipid bilayer (Pogozheva et al., 2014) . At this location, the positively charged residues interact with the polar head groups of membrane lipids and contribute to the strength of membrane anchoring of ENaC. The conserved appearance of Arg and Lys just before the predicted TM1 provide support for the predicted location of the TM1 (Table 3, Figs. 3, and 10) .
In the predicted TM1 location, a tryptophan (W) appears as one of the first three residues conserved in all 20 ENaC orthologs (Fig. 10) . In ASIC1, a Trp appears as the third residue from the beginning of the first helix (Fig. 7) . Analysis of 191 α-helical TM proteins showed that aromatic residues Trp and Tyr are predominantly located at the membrane-water interface (Pogozheva et al., 2014) . These aromatic amino acids are known to partition into the interface region of Fig. 9 . A hypothetical phylogenetic tree for paralogs of ENaC. "Anc." is used as an abbreviation for "Ancestor". A "duplication node" represents a gene duplication event that yields two genes within one genome. A "speciation node" represents the formation of a new species that carries the gene of interest. By the convention of Ensembl Gene Tree, collapsed trees for paralogs are shown in blue color. The figure is based on a Gene Tree constructed for 540 ENaC homologs in the Ensembl genome database (release 79) of vertebrate and eukaryotic species using EnsemblCompara GeneTrees paralogy prediction method. The figure includes several modifications from the Gene Tree: The nodes for C. elegans degenerins and one homolog from a fish were omitted from the figure, and the positions of the nodes were modified to show branches in parallel. The number of homologs in each collapsed branch is written on the right side of the collapsed tree marking. Fig. 10 . Comparison of α, β, and γ sequences in the N-terminal, pre-TM1, and TM1 segments from twenty species. For each subunit, residues that are identical in at least 19 out of 20 species (95% identity) are shaded. The location of the predicted TM1 is shown above the sequences. The α subunits have N-termini of highly variable lengths (the numbers at the beginning of each sequence marks the number of additional residues that did not fit into the page), with little or no sequence conservation in this variable region. In contrast, the β and γ subunit N-termini are mostly of similar length and show a high degree of conservation within an~40 residues-long segment prior to the TM1. The row of red letters, in between the β and γ sequence groups, mark the residues that are identical in both β and γ subunits. In four sequences (β: chicken; γ: gorilla, chicken and coelacanth) 2-5 residues prior to the first methionine were deleted to be consistent with other Uniprot sequences that start with Met as the first translated codon. There may be also sequencing errors in the unusually short platypus α sequence, and flycatcher γ sequence.
membranes. Hence, it has been suggested that they contribute strongly to the anchoring and precise positioning of TM segments in the lipid bilayer (Hong et al., 2007) . The appearance of Trp at the beginning of the TM1 in all ENaC orthologs in 20 species provides further support for the predicted location of the TM1 (Figs. 3, 4 and 10) . Analyses of TM1 of the α subunit of ENaC by tryptophan-scanning mutagenesis suggested two functionally different regions. N-terminal tryptophan residues altered both channel activity and cation selectivity, with a periodicity consistent with a helical structure. While C-terminal tryptophan residues also affected activity and selectivity, there was no apparent periodicity (Kashlan et al., 2006) .
Extracellular region
The extracellular region, as revealed in the resolved structures of ASIC1, has a complex structure that resembles an outstretched hand holding a ball ( Figs. 3 and 4) . Hence, domains within the extracellular regions are referred to as palm, thumb, knuckle, finger and β ball (Jasti et al., 2007) (Fig. 7) . The palm and β ball domains are formed by noncontiguous β strands and loops, and are in close proximity to the membrane ( Figs. 3 and 4 ). More peripheral domains (thumb, knuckle and finger) are formed by contiguous α helices and loops, and are poorly conserved among ENaC/Degenerin family members, when compared with other parts of the extracellular region. Based on sequence homology and predicted secondary structure, it is likely that the structural features of the extracellular region of ASIC1 is shared among all members of the ENaC/Degenerin superfamily. This is one of the key defining features of this ion channel family. Below we present some of these conserved segments the functions of which have been examined.
Protease cleavage sites
Proteases activate ENaC by cleaving the α and γ subunits at multiple sites within their extracellular finger domains, releasing imbedded inhibitory tracts (Kleyman et al., 2009; Rossier and Stutts, 2009; Vuagniaux et al., 2002) . Serine proteases represent one of the largest gene families with 175 predicted genes in the human genome (Szabo and Bugge, 2011) . Despite variations in the cleavage sequence specificity of these enzymes, there is a common denominator of one or more Arg or Lys residue immediately preceding the cleavage site (Antalis et al., 2010) .
Furin, a member of the proprotein convertase family of serine proteases, cleaves the α subunit twice at sites (RSTR (proximal) and RSAR (distal)) flanking an inhibitory tract (LPHPLQRL) (mouse sequences) (Carattino et al., 2008b Hughey et al., 2004; Sheng et al., 2006) . Furin cleaves the γ subunit once (RKRR), and cleavage by a second protease at a distal site releases another inhibitory tract (RFLNLIPLLVF) Passero et al., 2010) . A polybasic RKRK sequence is one of the distal sites targeted by some of the nonfurin proteases that cleave the γ subunit and activate ENaC Passero et al., 2011; Patel et al., 2012) . The sequences of the inhibitory tracts in both α and γ subunits are conserved in mammals (marked with blue shading in Fig. 11) . While there is a divergence of the sequence of the homologous segment in Sauropsida, Amphibia, lungfish and coelacanth, the fact that amphibian ENaC is activated by proteases (Alli et al., 2012) suggests that this intrinsic inhibitory tract has evolved over time. At present, we are not aware of evidence that other members of the ENaC/Degenerin family are activated by proteases.
The α and γ subunit sequences from 20 species indicate that the key protease cleavage sites are strongly conserved in all species with the exception of lungfish and coelacanth (Fig. 11 ). In Fig. 11 , β and γ subunit sequences have been aligned together as these two proteins are products of paralogous duplicated genes. It is noteworthy that in the β sequences the protease cleavage motifs are missing (Fig. 11) . In mammals and marsupials, there is a gap instead of the protease cleavage motifs (Fig. 11) . Considering that both genes are apparently the descendants of the same gene, either the protease cleavage motifs were deleted from the SCNN1B gene or were later added to the SCNN1G gene.
Disulfide bonds
Within the extracellular regions of ENaC family members, there are 16 highly conserved cysteine residues that likely form eight disulfide bonds (Firsov et al., 1999; Jasti et al., 2007; Sheng et al., 2007) . Based on the disulfide bonds in the resolved ASIC1 structure, these include five disulfide bonds in the thumb domain (Sherwood et al., 2012) . The 16 extracellular cysteine residues are conserved in all 20 species examined with the exception of the γ subunit of chimpanzee and the β subunit of coelacanth. As noted above, there are two large gaps in the chimpanzee γ subunit sequence. These gaps probably reflect an error in sequence. The structural importance of the conserved cysteines has been demonstrated by site-directed mutagenesis experiments (Firsov et al., 1999; Sheng et al., 2007) . There are additional Cys residues in the finger domain of family members in C. elegans, which may form additional disulfide bonds.
Sites of N-linked glycosylation
During the process of translation of proteins that are membrane bound or secreted, oligosaccharides may be attached to the N4 of the asparagine residue at the start of a consensus sequence composed of three amino acids: Asn-Xaa-Ser/Thr. The extracellular region of rat α, β, and γ subunits were shown to have such sites that are glycosylated (Canessa et al., 1994a; Snyder et al., 1994) . Alignment of the sequences of subunits from 20 species show that most of the sites identified in the rat sequences are conserved in mammals, but not in birds and lower species. Since the studies on glycosylated residues were carried out using rat subunits, we note here the conserved sites according to the rat subunit residue numbering. Thus, the homologs of the following rat residues are conserved as the first residue in N-glycosylation consensus sequence in most mammals: α subunit: N259, N320, N339, N424, and N538; β subunit: N135, N141, N146, N197, N205, N258, N362, N376, and N482; and γ subunit: N210, N249, N272, N292, and N498.
Knuckle domain
In the ASIC1 model, the knuckle domain is composed of two helices (α6 and α7) that are located at the top of each subunit . The sequence of this region is conserved within each subunit, but shows divergence between ENaCs and ASICs (Fig. 7) . In all three subunits there is a positively charged residue (Arg or Lys) at a position that corresponds to the end of the α7 helix in ASIC1 (Fig. 7) . Mutation of this residue (K498 in the human γ subunit) to alanine was shown significantly to reduce surface expression of ENaC (Edelheit et al., 2014) . Recently Chen et al. showed that deletion of the entire knuckle domain (including the conserved Arg/Lys) in mouse β or γ subunit drastically reduced ENaC surface expression and consequently ENaC function . These consistent findings suggest that the conserved charged residues in this domain may be involved in binding to other proteins that are involved in the transport of ENaC subunits.
In contrast to effects in β or γ subunits, deletion of the knuckle domain in the α subunit resulted in channel activation as a result of a loss of Na + self-inhibition . Fig. 11 . Serine protease cleavage sites in the extracellular domain of α, β and γ ENaC subunits from 20 species. Key basic amino acids (Arg (R) and Lys (K)) in the putative cleavage site are marked with yellow shading. The sequences of the respective subunits from 20 species were aligned by CLUSTALW. The conserved sequences of the inhibitory tracts located in between the two SP sites are marked light blue background. The residues of the substrate protein that are recognized by proteases are numbered based on their position relative to the cleaved peptide bond. P 1 marks the putative residue after which the peptide bond is cleaved by the SP (Antalis et al., 2010) . Fig. 12 . Comparison of α, β, and γ sequences in the pre-TM2 and TM2 segment from twenty species. For each subunit, residues that are identical in at least 19 out 20 species (95% identity) are shaded. The location of the TM2 based on homology to ASIC1 is shown above the sequences. In the preTM2 region, only three charged residues are conserved in all three subunits. The positions of these charged residues are marked at the top of the alignments by the corresponding cASIC1 homologs, Ala413, Glu417 and Gln421. Column headers: Deg: degenerin or "Deg" residue. Ami: amiloride binding residues. Sel.: selectivity filter.
Palm domain
A stretch of 15 residues prior to TM2 form the two β-strands (β11 and β12) that are a central component of the palm domain ( Figs. 6  and 7) . This region is highly conserved in all three subunits and includes three charged residues that are conserved in all three subunits in all 20 species examined (Fig. 12) . These residues are homologous to A413, E417 and Q421 in cASIC1 (Fig. 12) . In cASIC1, the R-group of E417 protrudes into the central vestibule ( Fig. 13 ) and has been implicated in proton binding and functional conformational changes in ASIC (Ishikita, 2011) . In all three ENaC subunits, the homologous residues are positively charged Lys or Arg (K534, R505 and R514 in human α, β and γ subunits respectively) in all 20 species (Fig. 12 ). An R514A mutant in human γ subunit significantly leads to a decrease in sodium feedback inhibition consistent with an increase in channel open probability (Edelheit et al., 2014) . The other two residues (A413 and Q421) are located at the interface between subunits (Fig. 13) (Jasti et al., 2007) . Because of the strict conservation of homologous residues in ENaC subunits, these residues are probably located at symmetrical sites in ENaC subunits as they are in ASIC1 (Fig. 13) . Site-directed mutagenesis studies using human ENaC subunits showed that mutation of these residues to alanine also leads to a decrease in sodium feedback inhibition that controls channel open probability (P o ) (Edelheit et al., 2014 (Edelheit et al., , 2011 . A human γ subunit variant in the palm domain (L511Q) is associated with an increase in channel open probability .
TM2
Prior to the report on ASIC1 structure, the location of the TM2 in ENaC subunits was predicted by various software based on hydrophobicity of this region (Canessa et al., 1994a; Saxena et al., 1998) . After the publication of the ASIC1 structure in 2007, the helical TM2 segment of ASIC1 has been generally adopted as the location of TM2 in ENaC subunits as well, based on the strong sequence homology in this region and subsequent empirical studies . While there is overlap between earlier predictions and ASIC1 structure based segment, a segment identified as "pre-M2" (i.e. before the TM2) in earlier work (Kellenberger et al., 1999; Schild et al., 1997) , resides within TM2. The terms used in earlier studies should be examined to avoid confusion about regions studied. Fig. 12 presents alignments of α, β and γ subunits in the TM2 segments in 20 species where the TM2 was marked based on homology with ASIC1. These alignments show that TM2 is highly conserved in all subunits.
A number of key functional sites are within the TM2 region of ENaC subunits, including the channel gate, amiloride binding site and selectivity filter. Fig. 10 illustrates how these sites are conserved through evolution. Functional studies as well as resolved ASIC1 structures suggest that the channel gate is within the outer part of the second membrane spanning domain, within the region encompassing an LLSN motif that is conserved among ENaC subunits across species (Fig. 12) . The Ser in this motif is a site where the introduction of large residues has been found to dramatically increase channel open probability Sheng et al., 2001a; Snyder et al., 1999) . This site has been referred to as the degenerin or "Deg" site, as the introduction of large residues in mechanosensitive ENaC/Degenerin family member in C. elegans results in neurodegeneration, in association with an increase in channel open probability (Goodman et al., 2002; Sherwood et al., 2012) .
One of the characteristics of αβγ ENaC is its inhibition by relatively low concentrations of amiloride (Kleyman and Cragoe, 1988) . Other family members, including δβγ and ASICs, are inhibited by amiloride or its derivatives at higher concentrations of these drugs (Table 13 ) (Diochot et al., 2007; Ji et al., 2012) . An amiloride binding site has been described at a site in the second membrane-spanning domain, consisting of a Ser in the α subunit, and a Gly in the beta and gamma subunits (Fig. 12) . The introduction of specific mutations at these sites led to a profound loss of the efficacy of amiloride (Kashlan et al., 2005; Schild et al., 1997) .
Another defining characteristic of ENaC is its cation selectivity. With regard to its ability to discriminate Na + and K + , ENaC is the most Na selective mammalian ion channel (Table 13) . A three-residue selectivity filter, consisting of a G/S-X-S motif, is present in the TM2 of ENaC subunits (Fig. 12) . The introduction of specific mutations in the first or third residue of this motif resulted in channels that allow for modest K + permeation (Kellenberger et al., 1999; Sheng et al., 2000; Snyder et al., 1999) .
At the distal end of TM2 there are three charged residues (within the stretch of EMAELVFD in human α subunit) that are conserved in all 20 species examined (Fig. 12) . Mutation of these acidic residues reduced channel conductance (Langloh et al., 2000; Sheridan et al., 2005) and also affect ion selectivity (Sheng et al., 2001b) .
Carboxy terminus
In general, the cytoplasmic C-terminus contains sites of interaction with other proteins, signal transduction molecules, and ions that regulate ENaC function.
Motifs involved in signal transduction
In accordance with the "positive inside" rule noted above (in Section 11.2), the region after TM2 is enriched in positively charged Arg and Lys in all three subunits in all 20 species examined (Fig. 12) . The proximity of these residues to the cytoplasmic side of the membrane allows interactions of these residues with polar heads of membrane phospholipids and phosphoinositides concentrated at the cytosolic surface of membranes (Di Paolo and De Camilli, 2006) . This region in the β and γ subunits has a role in the binding of phosphotidylinositol triphosphate which has an allosteric effect on ENaC open probability (Pochynyuk et al., 2007 (Pochynyuk et al., , 2005 . It is noteworthy that positively charged residues at the same analogous region in P2X receptor channels fulfill similar roles (Bernier et al., 2012) .
One of the common mechanisms of membrane protein regulation is phosphorylation/dephosphorylation of critical residues by intracellular signal transduction systems. It is likely that the residues in the Cterminus of ENaC subunits may be substrates for such reactions. For example, Volk et al. showed that the activity of ENaC expressed in oocytes could be enhanced by activation of protein kinase C (PKC) by phorbol ester and that this effect was dependent on the presence of an intact C-terminus of α subunit (Volk et al., 2000) . The C-terminus also is phosphorylated by the kinases SGK, casein kinase 2, and ERK (Diakov and Korbmacher, 2004; Shi et al., 2002; Yang et al., 2006) .
An important regulator of ENaC activity is chloride ions. Truncation of the C-terminus of the β but not of α and γ subunits reduced cytoplasmic Cl − inhibition of ENaC, suggesting that this segment is essential for down-regulation of ENaC by CFTR Ji et al., 2000) .
Interaction with cytoskeletal elements
Cytoskeletal elements such as microtubules, actin filaments, and associated proteins form an essential part of the complex network of proteins involved in intracellular transport of proteins including endocytosis (Anitei and Hoflack, 2012) . As ENaC subunits are transported to the cell membrane via the trans-Golgi network (Butterworth, 2010) , cytoplasmic termini of ENaC may interact with cytoskeletal elements during transport and in the cell membrane itself. Indeed, the C-terminus of the α subunit was shown to bind to spectrin that is located in the intracellular side of the membrane. The sequence responsible for binding to the SH3 domain of α-spectrin (PPLALTAPPPA in rat α subunit) (Rotin et al., 1994) starts prior to the PY motif (see below) and partially overlaps with it (Fig. 12) . This motif is conserved only in mammals (Fig. 12) . In addition to spectrin, there is also evidence for direct interaction of F-actin with the carboxy terminus of the α subunit (Mazzochi et al., 2006; Sasaki et al., 2014) .
PY motif
The most conserved motif in the C-terminus of ENaC subunits is the PY motif (Fig. 14) . The consensus sequence for the PY motif is PPPXYXXL that is located 65-70 residues after the end of the TM2 in α, β and γ subunits. Delta ENaC orthologs do not have a conserved PY motif. In the 20 species we examined the PY motif is conserved strictly in nearly all species (Fig. 14) . Turtle β subunit sequence has a short C-terminus that may be a genome sequencing error. In contrast to the β and γ subunits, in Sauropsida, Amphibia and fishes the PY motif has been lost in the α subunit (Fig. 14) . The consistent lack of PY motif in these species makes it very unlikely that the lack of the motif is a sequencing error.
The PY motif is recognized by the WW domains in Nedd4-2 that is an E3 ubiquitin-protein ligase (Rotin and Staub, 2011) . WW domains are~40 residue long segments that are characterized by a conserved sequence that includes two tryptophans (W). Such modules are found in many proteins and bind to proline-rich sequences such as PY motif (Macias et al., 2002) . With its WW domains, Nedd4-2 catalyzes ligation of ubiquitin to the ENaC subunit leading to the internalization of ENaC and eventual degradation in a proteasome or lysosome (Rotin and Staub, 2011) .
Missense mutations in the β or γ subunit PY motif or truncations that lead to a loss of this motif in these subunits, cause Liddle syndrome (see Section 15.2). Mutation or deletion of the PY motif reduces the rate of ENaC ubiquitylation and consequent internalization, leading to accumulation of ENaC in the membrane (Lu et al., 2007) . This in turn leads to enhanced absorption of filtered Na + and consequently increases blood volume and blood-pressure (Rotin, 2008) .
Tissue distribution of ENaC
Alpha, beta and gamma subunits of ENaC
Most of the studies on tissue localization of ENaC subunits have been carried out by immunohistochemical studies using antibodies generated against small segments of expressed proteins or synthetic peptides that represent short segments of ENaC subunits (Brouard et al., 1999; Coric et al., 2004 Coric et al., , 2003 Duc et al., 1994; Hager et al., 2001; Masilamani et al., 1999; Tousson et al., 1989; Wang et al., 2013a) . These studies provided evidence for the localization of ENaC in kidney, lung, salivary glands, skin, placenta and the colon. Expression of ENaC subunits has been also examined by in situ hybridization of tissue sections using cDNA probes (Greig et al., 2003) . But, this approach does not provide an image of the intracellular localization of the subunits themselves.
To enhance the immunofluorescence signal, we generated polyclonal antibodies against the complete extracellular region of ENaC subunits (Enuka et al., 2012) . These antibodies allowed us to visualize ENaC expression in the bronchial epithelia of human lung and the female reproductive tract extending from the uterus to the fallopian tube at a high resolution by immunofluorescence and 3D confocal microscopy (Enuka et al., 2012) .
The expression and sites of localization of ENaC in the kidney nephron tubules have been recently extensively reviewed (Rossier, 2014) and the complexities of this subject are beyond the scope of the present review.
Tissue specificity of expression of ENaC subunits has been also investigated by large-scale microarray and high-throughput RNA sequencing experiments. The results of these studies can be accessed via the EMBL-EBI Expression Atlas database of gene expression (Petryszak et al., 2014) . Experiments included in the Expression Atlas (https://www.ebi.ac.uk/gxa/home) report many tissues wherein ENaC subunits are expressed at varying levels. Consistent with the immunohistochemical studies, these studies report highest levels of expression for the α, β and γ subunits in the kidney, lung, and colon. Other tissues reported include the fallopian tube, esophagus, placenta, prostate, skin, stomach, thyroid, tongue and vagina (Expression Atlas).
Some recent studies have reported immunolocalization of ENaC subunits in astrocytes in the brain (Miller and Loewy, 2013) , human eye (Krueger et al., 2012) , nasal mucosa , mouse ear (Morris et al., 2012) , rat muscle (Simon et al., 2010) , vascular endothelium (Kusche-Vihrog et al., 2014) , vascular smooth muscle cells (Drummond et al., 2008) , lymphocytes (Ottaviani et al., 2002) and platelets (Cerecedo et al., 2014) . There is also evidence for the expression of ENaC in mammary epithelia (Wang and Schultz, 2014) .
The functional significance of ENaC in organs, such as kidney, lung and the respiratory tract, sweat and salivary glands and the reproductive tract where ENaC is expressed at relatively high levels, has been established, based on the facts that mutations in ENaC genes result in major dysfunction in these tissues in multi-system PHA (Chang et al., 1996; Enuka et al., 2012; Hanukoglu, 1991; Hanukoglu et al., 2008) . However, even in most severe cases of multi-system PHA there does not appear to be an abnormal function in the eye, ear, muscle or neural tissue function. Thus, the physiological significance of the low-level expression of ENaC in other tissues remains to be established.
Expression of ENaC has also been detected in the lingual epithelium and in taste receptor cells (TRCs) (Chandrashekar et al., 2010; Kretz et al., 1999) . Most mammals can sense five basic tastes, sweet, sour, bitter, umami and salt by TRCs specific for each taste. In fungiform taste buds of mice there are amiloride-sensitive TRCs that are responsive specifically to NaCl (Shigemura et al., 2008) . In genetically engineered mice lacking the α subunit specifically in TRCs, the neural response to low NaCl (b120 mM) in a subpopulation of TRCs was abolished while response to high NaCl remained intact (Chandrashekar et al., 2010) . These studies suggest that ENaC in TRCs plays an essential role in the salt-taste receptor system (Chandrashekar et al., 2010; Oka et al., 2013) .
In the mammalian order Cetacea that includes whales and dolphins, taste receptor buds have atrophied and appear in degenerate form (Tinker, 1988) . Sequencing of the various cetacean genes for the receptors of the five tastes revealed that the receptor genes for four tastes are non-functional pseudogenes because of accumulation of mutations Fig. 13 . Location of the cASIC1 E417 and Q421 in ASIC1 structure (PDB ID: 2QTS). The three ribbon structures shown represent the β12-strand region (from L414 to K423) of all three subunits of chicken ASIC1, termed in order A, B, and C (PDB 2QTS). For each subunit, only two residues, E417, and Q421, are shown in CPK style. In 20 species examined, the residue homologous to E417 is an arginine or lysine (K534 in α, R505 in β and R514 in γ subunit of human ENaC). The space in the center of the figure is part of the vestibule along the threefold axis of symmetry that is thought to be part of the ion pathway. . However, in contrast to these, the three ENaC subunits, α, β, and γ, that also serve as salt taste receptor have remained intact and functional. As the authors note, the conservation of ENaC genes in Cetacea is because of the significance of ENaC in osmoregulation and other physiological functions and it is still not known whether Cetacea are capable of sensing salty taste .
Delta subunit of ENaC
The first report on the cloning of the human δ subunit also showed that in northern blots the highest levels of its expression are observed in brain, pancreas, testis and ovary with only low levels in the kidney and lung (Waldmann et al., 1995) . Consistent with these initial results, the Expression Atlas database results show that the expression of the delta subunit gene (SCNN1D) is relatively much lower in the kidney and lung but highest in neural tissues, (including cerebral cortex, cerebellum, hippocampus, hypothalamus and pituitary gland) and testis (Expression Atlas, 53 GTEx). Expression of the δ subunit has been also detected in the human nasal epithelium (Bangel-Ruland et al., 2010) and eye (Krueger et al., 2012) . Overall, the tissue distribution pattern of the δ subunit is distinctly different from that of α, β and γ subunits.
ASICs
ASIC subunits are expressed mainly in the central and peripheral nervous systems and the gastrointestinal tract. ASIC tissue distribution has been recently extensively reviewed (Holzer, 2015; Lin et al., 2015; Zha, 2013) .
Subcellular and cilial localization
As an ion channel on the apical side of the epithelium, ENaC would be expected to be localized on the apical membrane of cells. Indeed, in human polarized epithelial cells in the female reproductive tract and the respiratory airways, immunohistochemical and immunofluorescence studies show that ENaC is localized at the apical surface of the cells (Enuka et al., 2012) . Studies on subcellular localization of α, β and γ subunits in mice and rat kidney nephron and in cultured Madin-Darby Canine Kidney (MDCK) epithelial cell line have yielded varying results probably in part because of hormonal and Na + treatment conditions (Ackermann et al., 2010; Bao et al., 2014; Chanoux et al., 2013; Hager et al., 2001) .
ENaC on cilia
A cilium is a finger like protrusion on the cell surface that has a microtubular skeleton called axoneme. The ciliary membrane that covers the axoneme is continuous with the cell membrane (Satir and Christensen, 2007) . Most cells in mammals contain a single cilium (primary cilium) that is built upon the microtubular structure of a centriole. In three major organs, the lung, the reproductive tract, and the central nervous system, the epithelial surface of many cells have multiple cilia (200-300 per cell). These cilia are motile and beat in concert at a predetermined direction generating waves that move the fluid, particles and cells in the lumen of the epithelium (Brooks and Wallingford, 2014) .
Using antibodies we generated, we showed that in multi-ciliated cells in the human bronchus and the female reproductive tract (extending from the uterus to the fimbria of fallopian tube), ENaC is specifically located in cilia (Enuka et al., 2012) . This was also confirmed by colocalization of ENaC immunofluorescence with that of cilia-specific βtubulin IV (Enuka et al., 2012) .
The discovery that ENaCs are highly expressed in multi-ciliated cells in the lung and the reproductive tract and that they are specifically located over the entire length of cilia has increased our understanding of the function of ENaC in epithelia with motile cilia (Enuka et al., 2012) . The depth of the fluid that bathes the cilia in the lumen has to be precisely regulated for normal cilial function (Choi et al., 2015; Tilley et al., 2015) . Since Na + is the major solute in the ECF, regulation of ENaC activity directly affects osmolarity of the periciliary fluid and consequently the flow and volume of the fluid in the lumen. Cilial location allows ENaC to serve as a sensor and regulator of osmolarity of the periciliary fluid along the entire length of the cilia. Thus, ENaC mediated changes in osmolarity would then modulate the fluid volume on the epithelial surface (Enuka et al., 2012) . Since all airway epithelia are Na + absorptive, ENaC plays a key role in pulmonary epithelia, but it should be noted that in the airway epithelium there are additional ion channels and transporters that contribute to the regulation of the composition and volume of the periciliary liquid (Hollenhorst et al., 2011) .
The functional importance of ENaC in the multi-ciliated cells of the respiratory airway is illustrated by the contrasting phenotypes of two diseases: 1) In multi-system pseudohypoaldosteronism (see Section 15.1), the loss-of-function of ENaC leads to an increase in the volume of airway surface liquid (ASL) (Kerem et al., 1999) . 2) In cystic fibrosis (see Section 15.3), dysfunction of the chloride transporter CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) leads to Gründer and Pusch (2015) .
reduced inhibition of ENaC by chloride ions. Enhanced activity of ENaC contributes to the drastic reduction of the airway surface liquid (ASL) volume observed in cystic fibrosis. Normally, the undulating movement of the cilia rapidly moves the mucus gel on top of the cilial layer, and together with the mucus, it pushes inhaled particles and microbes in the respiratory airways for clearance via the mouth (Rogers, 2007; Fig. 14. Conservation of the PY motif in the C-termini of α, β and γ ENaC subunits from 20 species. Tilley et al., 2015) . When ASL volume is reduced, clearance of foreign particles, dust, microbes and viruses is impaired contributing to the chronic infections characteristic of cystic fibrosis.
In epithelia with motile-cilia, the interaction between ENaC and CFTR in the respiratory airways has been extensively studied because of the involvement of these channels in cystic fibrosis (Althaus, 2013) . There are conflicting views regarding the mechanism of CFTR and ENaC interactions (Nagel et al., 2005) . Some studies suggested that CFTR interacts directly with ENaC (Berdiev et al., 2009) . But, while ENaC is located on the cilial surface, CFTR is located on the apical membrane outside of cilial borders (Enuka et al., 2012) . Thus, the mechanism of CFTR action in multi-ciliated cells cannot be via direct interaction with ENaC. There is evidence that chloride ions inhibit ENaC . Thus, CFTR may regulate ENaC activity via its modulation of Cl − levels.
Functional differences between ENaC and ASIC
As noted above, ENaCs and ASICs are the only families that are expressed in vertebrates. While ENaCs and ASICs share similar structures, there are major differences in their functional characteristics as observed in heterologous expression systems as well as differences in the physiologic roles in vertebrates (Gründer and Pusch, 2015; Kellenberger and Schild, 2015) . The major differences are outlined in Table 13 .
ENaCs are constitutively active and facilitate the bulk transport of Na + across high resistance epithelia in many organs (see Section 12). Transport of sodium is accompanied by a flow of fluid as a result of osmolarity changes. The physiological consequences of these effects depend on the tissue where ENaC is expressed.
ENaC in the distal nephron has an important role in regulating extracellular fluid volume and renal K + secretion . In the respiratory airway and alveoli, ENaC has a major role in regulating the volume of the airway and alveolar fluids (Chambers et al., 2007; Eaton et al., 2009 ). In the female reproductive tract, ENaC modulates uterine fluid absorption during the reproductive cycles (Ruan et al., 2014; Salleh et al., 2005) . Fertilization of the oocyte in the oviduct and fallopian tube requires transport of the oocyte to the ampulla region of the tube. This process is dependent on the ciliary beating along the oviduct in addition to smooth muscle contractions (Coy et al., 2012) . Similarly, the transport of embryo to the uterus is also dependent on cilial motion (Lyons et al., 2006) . As ENaC is richly expressed on cilia in multi-ciliated cells in the oviduct (see Section 13) and in the uterine glands in the endometrium, reproductive processes of ovum and embryo transport and implantation are dependent on ENaC function (Enuka et al., 2012) . In the tongue, ENaC has been identified as the salt taste "receptor" (Chandrashekar et al., 2010; Oka et al., 2013) (see Section 12) .
In contrast to ENaC, ASICs are H + -gated ion channels that are closed in the resting state, and rapidly desensitize following activation. They are expressed in mammalian central and peripheral nervous systems and have roles in nociception, mechanosensation, fear-related behavior and seizure termination (Chen et al., 1998; Deval and Lingueglia, 2015; Price et al., 2001 Price et al., , 2000 Waldmann and Lazdunski, 1998; Ziemann et al., 2009 Ziemann et al., , 2008 . ASICs also play an important role in synaptic function regulating neural plasticity in pathological conditions (Zha, 2013) . ASICs are also expressed in sensory neurons in the gastrointestinal tract, and play a role in acid-sensing within the gastrointestinal tract and may be involved in human sour taste sensing (Holzer, 2015) .
Diseases associated with ENaC mutations
In this section, we shall briefly describe hereditary diseases that have been associated with mutations in the genes coding for ENaC subunits. The major characteristics of these diseases are summarized in Table 14 .
15.1. Multi-system pseudohypoaldosteronism type 1 (PHA1B) Type I pseudohypoaldosteronism (PHA) is a syndrome of unresponsiveness (also called resistance) to mineralocorticoid hormone aldosterone. This disease was first described by Cheek and Perry as an aldosterone unresponsiveness syndrome resulting in salt wasting in a child (Cheek and Perry, 1958) . Subsequently over 50 studies reported many cases of PHA with characteristics of aldosterone resistance with varying degrees of salt wasting. In 1991, Hanukoglu established that PHA includes two independent syndromes (called renal and multisystem forms of PHA) that differ in their pathogenesis, mode of inheritance, the involvement of aldosterone target organs and the severity of salt wasting (Hanukoglu, 1991) . Later studies confirmed this distinction and these two forms have been assigned two separate entries in the OMIM database (http://omim.org/): 1) renal form (PHA1A): OMIM #177735, inherited as an autosomal-dominant disease; and 2) multisystem form (PHA1B): OMIM #264350, inherited as an autosomalrecessive disease.
As commonly observed for other steroid hormone resistance diseases, initially the cause of PHA was suspected to be a mutation(s) in the mineralocorticoid receptor (MR) gene (Armanini et al., 1985) . However, analysis of the linkage between PHA and polymorphisms adjacent to the mineralocorticoid receptor gene on chromosome 4 in 10 consanguineous families excluded mutations in the MR gene in multisystem PHA patients (Chung et al., 1995) . By further homozygosity mapping, multi-system PHA locus was mapped to two regions coding for SCNN1A and SCNN1B and SCNN1G in chromosomes 12p and 16p respectively (Strautnieks et al., 1996) . Indeed, sequencing of the genes coding for the α, β and γ subunits revealed that the multi-system form results from mutations in these three genes (Chang et al., 1996) . Two years later Geller et al. reported that the milder renal form (PHA1A) is caused by mutations in the mineralocorticoid receptor gene (Geller et al., 1998) .
Clinical presentation
Patients affected by multi-system PHA lose salt from all aldosteroneresponsive target organs expressing ENaC including kidney, sweat and salivary glands and respiratory tract (Hanukoglu, 1991) . This may necessitate frequent hospitalizations especially during infancy and childhood for severe hyponatremia, hyperkalemia, acidosis and dehydration (Edelheit et al., 2005; Hanukoglu, 1991) . These patients also exhibit recurrent pulmonary symptoms such as congestion, wheezing, recurrent lower respiratory tract infections and chronic rhinorrhea due to impaired lung fluid absorption causing excessive airway surface liquid (Hanukoglu et al., 1994; Kerem et al., 1999; Schaedel et al., 1999) . They may also fail to conceive due to impaired ENaC expression in cilia lining the fallopian tube and the endometrial mucosa (Enuka et al., 2012) . This form carries a high mortality risk especially in infancy, although mortality has been observed even in older patients (Hanukoglu, 1991; Porter et al., 2003; Saxena et al., 2002) . Disease manifestations are life long, yet the severity and frequency of salt wasting episodes improve with age (Adachi et al., 2010; Hanukoglu and Hanukoglu, 2010; Hanukoglu et al., 2008) .
PHA1B patients require high amounts of sodium chloride (up to 45 g/day) life long, to prevent recurrent salt wasting episodes from multiple organs Hanukoglu et al., 2008; Hogg et al., 1991) . The severity of PHA manifestations improves with age, depending on the nature of the mutations, environmental factors such as ambient temperatures and degree of compliance with the therapy (Adachi et al., 2010; Hanukoglu et al., 2008) .
Genotype-phenotype relationships
Multi-system PHA patients characterized to date carry homozygous or compound heterozygous mutations in the genes coding for the α, β and γ subunits (Belot et al., 2008; Bonny et al., 2002; Chang et al., 1996; Edelheit et al., 2005; Kellenberger et al., 1999; Saxena et al., 2002; Strautnieks et al., 1996; Wang et al., 2013c; Welzel et al., 2013) . Nonsense, frameshift, and abnormal splicing mutations are associated with a severe phenotype (Edelheit et al., 2005) . Generally, missense mutations result in a milder phenotype (Hanukoglu et al., 2008) . Functional expression of subunits with frameshift mutations showed these mutations reduce but do not necessarily eliminate ENaC activity (Edelheit et al., 2010) .
Transient severe salt loss (severe hyponatremia and hyperkalemia) was reported in a premature baby with a homozygous missense mutation in the SCNN1A gene but not in his brother born at term who carried the same mutation (Dirlewanger et al., 2011) . In the neonatal period, the human kidney is characterized by an impaired ability to regulate water and sodium homeostasis and premature babies are even more susceptible to blood volume and electrolyte changes when ENaC activity is partial (Martinerie et al., 2009) .
In cases where the mutant subunit has been expressed together with the other two wild-type subunits, a correlation has been observed between the in vitro sodium conductance activity of the mutated channel and the clinical severity of the disease (Hanukoglu et al., 2008) .
Subjects carrying the mutations in one allele (e.g. parents) are asymptomatic. Rarely, increased sweat sodium and chloride concentrations have been observed in carriers of a mutation in the α subunit without additional hormonal or clinical phenotypes (Riepe et al., 2009) .
Liddle syndrome
Liddle syndrome (OMIM #177200) is an autosomal dominant disorder characterized by early-onset hypertension associated with hypokalemia, metabolic alkalosis, and low levels of plasma renin activity (PRA) and aldosterone (Bogdanović et al., 2012; Hansson et al., 1995; Liddle et al., 1963 ) (see Table 14 ). The degree of phenotypic expression may vary even within the same family (Bogdanović et al., 2012; Findling et al., 1997) .
Liddle syndrome is caused by missense mutations in the PY motif of β or γ subunit of ENaC (Fig. 14) , and nonsense or frameshift mutations that result in truncation of the C-terminus leading to the loss of the PY motif in these subunits (Furuhashi et al., 2005; Hansson et al., 1995; Ma et al., 2008; Schild et al., 1996; Shimkets et al., 1994) . Mutation or elimination of the PY motif disrupts ubiquitin ligase Nedd4-2 binding to the PY motif (Rotin and Staub, 2011) . This leads to accumulation of active channels at the cell surface and increased Na + reabsorption in the kidney, resulting in elevated blood volume and blood pressure. Although in the α subunit there is also a PY-motif ( Fig. 14) , so far no case of Liddle syndrome has been reported with a mutation in the α subunit.
In addition to mutations in the PY motif region, two mutations in the C-terminus (β subunit, R563Q) and the TM2 segment (γ subunit, N530S) have been reported to be associated with Liddle syndrome phenotype. In the β subunit, an R563Q mutation is associated with low plasma renin activity (PRA), low aldosterone and hypertension in a minority of the individuals carrying the variant (Rayner et al., 2003) . In the γ subunit, Hiltunen et al. found an N530S mutation in a patient who developed Liddle syndrome like symptoms at the age of 25 years (Hiltunen et al., 2002) . Yet, in the same study the N530S mutation was also found in a healthy person with normal blood pressure (Hiltunen et al., 2002) . Thus, the authors raise the possibility that the γ N530S mutation may not be the sole cause of hypertension and that there may be additional factors (such as other genes or environmental factors) responsible for the phenotype observed (Hiltunen et al., 2002) . Functional expression of ENaC carrying the N530S mutation showed that the mutation increases ENaC open probability two fold. The increased ENaC activity was observed without a change in the surface expression of ENaC relative to the wild type (Hiltunen et al., 2002) . It is probable that more mutations will be found that increase ENaC activity and that are associated with Liddle syndrome like symptoms, similar to the two cases noted above. Generally Liddle syndrome is a rare disease. However, an extensive study that included a sample of 330 Chinese young hypertensive patients revealed that 1.5% of the patients had mutations associated with a loss of the PY motif . In a retrospective study in a cohort of 149 hypertensive US veterans, 6% were found to have biochemical abnormalities compatible with Liddle syndrome (Tapolyai et al., 2010) . Thus, Liddle syndrome may be a common cause of monogenic hypertension in some populations (Padmanabhan et al., 2015) .
Undiagnosed and untreated individuals with Liddle syndrome are at high risk of premature cardiovascular morbidity and mortality. Diuretics that block ENaC activity (amiloride or triamterene) and low salt diet, are usually adequate to control hypertension.
Cystic fibrosis-like disease
Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. CFTR dysfunction affects epithelial chloride transport in multiple organs including the digestive system, sweat glands, pancreas, and the reproductive tract, but, progressive lung disease continues to be the major cause of morbidity and mortality.
Respiratory tract infections result from dehydration of airway surfaces that reduces mucociliary clearance and creates an environment conducive to bacterial infections leading to progressive respiratory insufficiency and eventually respiratory failure.
In the lumen of the respiratory tract, ENaC function is essential for normal mucociliary clearance (Althaus, 2013; Hobbs et al., 2013) . As noted in Section 13, ENaC is expressed in the respiratory tract, located on the surface of cilia and regulates the volume of luminal fluid (Enuka et al., 2012) . PHA1B patients with ENaC mutations suffer frequently from lower respiratory tract infections (Hanukoglu et al., 1994; Kerem et al., 1999; Schaedel et al., 1999) . Increased airwayspecific expression of the β subunit of ENaC results in CF-like symptoms in mice (Mall et al., 2004) . This is thought to result in over-expression of channels composed of only α and β subunits, which have a high intrinsic open probability (Mall et al., 2010) . Therefore, it has been suggested that mutations in ENaC genes may be involved in some forms of cystic fibrosis. To examine the hypothesis that ENaC mutations may be associated with the degree of severity of CF, a French group screened genomic DNA of 56 CF patients for the presence of variants in SCNN1B and SCNN1G genes . By using denaturing highperformance liquid chromatography (DHPLC), they found 4 missense mutations in three patients out of 56 (T313M and G589S in β, and L481Q and V546I in γ subunit). However, nasal potential difference measurements did not indicate a functional effect of these variants on Na + transport, at least in the nasal epithelium of these patients. Thus, the authors concluded that variants in SCNN1B and SCNN1G genes are not associated with CF severity in the cohort examined .
Cases that present with classical features of cystic fibrosis (such as chronic lung infections with elevated sweat chloride concentration), but without CFTR mutation or a single allele CFTR mutation, have been referred to as cystic fibrosis-like (CF-like) disease (Table 14) . These cases lack a genetic diagnosis, and a commonly suspected cause is mutations in ENaC genes (Collawn et al., 2012) .
Screening 185 patients with non-classic CF, Sheridan at al. identified 20 patients who had elevated sweat chloride concentrations, and pulmonary disease but without CFTR mutations (Sheridan et al., 2005) . Sequencing of the ENaC genes (SCNN1A, B or G) revealed that two of the patients carry compound heterozygous mutations in the SCNN1B gene: a missense mutation (P267L) with a splice site mutation in one patient and two missense mutations (G294S and E539K) in the other. Neither patient had abnormal renin or aldosterone levels. In functional expression studies, P267L and E539K mutants showed decreased activity and G294S mutant showed increased activity (Sheridan et al., 2005) . The authors concluded that the compound heterozygous mutations identified in the β ENaC genes that have a mild effect on ENaC activity are associated with CF-like disease without causing severe renal salt loss (Sheridan et al., 2005) .
In a multi-center European study, 30 ENaC variants were found in 76 patients with CF-like disease . Only two (hypoactive F61L and hyperactive V114I in SCNN1A) of the 30 variants were found in patients but not in the control populations. ENaC subunit variants had a significantly higher frequency in the patients as compared to controls. The variant W493R in the α subunit showed the most significant difference, and in functional expression in Xenopus oocytes showed over four-fold higher ENaC activity. Thus, the authors concluded that these variants may be involved in CF-like disease by a polygenetic mechanism . In a study including 99 Italian patients with CFTR-related diseases, 12 ENaC variants were found, but the allele frequency of these variants was not significantly different from controls (Amato et al., 2012) .
Fajac et al. screened a group of 55 patients with diffuse idiopathic bronchiectasis (permanent dilation of the airways as a result of chronic bronchial infection) by sequencing SCNN1B and SCNN1G exons and identified five heterozygous missense variants (S82C, P369T, N288S in β, and G183S, E197K in γ subunit) in eight patients . The S82C mutation was found in three unrelated patients who were also heterozygous for a CFTR mutation. The authors thus concluded that trans-heterozygous mutations in ENaC and CFTR may be responsible for the CF-like symptoms.
In a study including 60 Rwandan children with CF-like symptoms, five patients were found to have a heterozygous CFTR mutation. Two of these patients had a missense ENaC variant (V573I in α, V348M and G442V in β subunit); of these only V348M was not found in the control group (Mutesa et al., 2009) . Functional expression of the V348M mutant showed that the mutation enhances ENaC activity (Rauh et al., 2013) . Since the full ENaC subunit gene sequences were not determined in 55 of the patients, the relationship between ENaC variants and CF-like disease cannot be determined for the whole group.
A recent study on CF-like phenotypes examined the sequences of five genes (CFTR, SCNN1A, SCNN1B, SCNN1G and SERPINA1) in six patients by whole exome sequencing (Ramos et al., 2014) . The authors detected three missense variants in SCNN1A (R204W, A357T, C641F) and one missense (R563Q) in SCNN1B, and four additional nucleotide variants. Two of these mutants (C641F and R563Q) appeared also in two CF controls but not in healthy controls. The authors suggest that the variants that appear at a higher frequency in patients with CF-like phenotype than in controls may be responsible for this phenotype. By their family analysis they also stress the importance of genetic/environmental factors in the development of CF-like disease (Ramos et al., 2014) .
Brenan et al. examined 33 nonwhite, non-Hispanic patients with a CF-like disease whose CFTR gene analysis was non-diagnostic (19 with no mutations in CFTR gene and 14 with a heterozygous change in the CFTR gene) (Brennan et al., 2015) . Sequencing of the exons and introns of SCNN1A, SCNN1B, and SCNN1G in all patients revealed 21 variants. Since the variants found in conjunction with a CFTR mutation were common polymorphisms, the authors concluded that there is no conclusive association of ENaC genetic variants with CF in their cohort.
In Table 15 we listed all the missense mutations identified in the studies reviewed above. Among the three ENaC genes, most of the variants have been observed in SCNN1A and SCNN1B. Proportionately, the highest number of mutants is in SCNN1A. Two of the major studies examined only two genes: SCNN1B and SCNN1G, thus the number of variants in SCNN1A in Table 15 is underrepresented. In our analysis of PHA1B mutants, we observed a similar trend that most of the PHA1B causing mutants appear in SCNN1A and only a few in SCNN1G (Edelheit et al., 2005) .
As detailed in the studies cited, many of the variants are also present in control groups. Yet, some of the mutants that were shown to affect adversely ENaC activity have been reported in independent studies (Table 15 ). The total number of cases is still too small to reach definitive conclusions about the role of these variants/mutants in causing CF-like disease. In any case, the number of variants that may be associated with CF-like disease represents a small percentage of the total patients in each cohort and differs between ethnic groups.
Hypertension
In modern industrial societies, hypertension has emerged as one of most widespread health problems (Toka et al., 2013) . A minority of the cases of hypertension can be ascribed to monogenic conditions such as Liddle's syndrome or Gordon's syndrome (Padmanabhan et al., 2015) . The remainder of the cases is generally grouped as "essential hypertension" with multifactorial etiology, including multiple genetic, humoral, environmental and dietary factors (Su and Menon, 2001) . The major systems that are responsible for the regulation of blood pressure include the renin-angiotensin-aldosterone system and Na + transporters in the kidney (Padmanabhan et al., 2015; Rossier, 2014; Soundararajan et al., 2010; Su and Menon, 2001) . Moreover, the Liddle syndrome described above firmly established the importance of ENaC in blood pressure regulation. Therefore, several large-scale studies have examined the association of ENaC variants with essential hypertension. Liu et al. examined 2880 Chinese subjects (GenSalt study) and found an association of blood pressure with SCNN1B and SCNN1G SNPs and variants . Rayner et al. screened 139 South African black hypertensives for the R563Q variant of β subunit and found that the variant was significantly associated with hypertension (Rayner et al., 2003) . In a study in a Finland, the authors sequenced only exon 13 (that codes for TM2 and the C-terminal segment) of β and γ subunits (see Fig. 7 ) in 27 hypertensive patients. The three identified variants were then screened in 347 hypertensives. The frequency of all variants in the hypertensives was significantly higher (~3 fold) than that in two control groups. Functional expression of one variant (β G589S) showed slightly enhanced activity in Xenopus oocytes (Hannila-Handelberg et al., 2005) .
Ambrosius et al. reported a small but significant association between a common αT663A variant and normal blood pressure (Ambrosius et al., 1999) . The αA663 variant reduces ENaC activity and functional expression in Xenopus oocytes (Samaha et al., 2004; Tong et al., 2006) , but the change in activity was opposite of that predicted by the results of Ambrosius et al. Furthermore, no association was found between αT663A variant and blood pressure in a sample of 247 Japanese hypertensives (Sugiyama et al., 2001) . Nonetheless, homozygous A663 allele appears to have a differential effect on lung function (Foxx-Lupo et al., 2011) .
Another polymorphism with conflicting reports is β-T594M. In a sample of black hypertensives from London, 8.3% (17 out of 206) were heterozygous for the β T594M variant, but in the control group only 2.1% had the same variant (Baker et al., 1998) . However, in a much larger sample, including 1666 Jamaican blacks, no association was found between the β T594M allele and hypertension (Hollier et al., 2006) . This variant did not alter ENaC activity in a heterologous expression system .
Persu et al. identified seven variants in the β subunits of, mostly white, 525 probands of hypertensive families, but could not identify an association between a variant and essential hypertension .
In summary, currently there does not appear to be a clear association between ENaC variants and essential hypertension. Yet, this area of research is just at its beginnings and requires examination of larger sets of SNPs and variants in selected populations. Some of the past studies have examined only specific segments (such as exon 13) of subunits. This approach skews the results. The SNPs that are accumulating in whole genome sequencing will present larger and more comprehensive databases for future examination. It is likely that such studies will reveal new variants associated with hypertension similar to that found in the Chinese GenSalt study. Since the majority of the variants so far screened do not seem to be associated with hypertension, the proportion of ENaC variants associated with hypertension would be expected to be small.
